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ABSTRACT
A study of high temperature drying and tempering of 
parboiled rice was undertaken to evaluate the effects on
grain quality. Thirtysix treatments, with three levels of
air temperature, three levels of moisture(of rice after 
exposure in the dryer), and four levels of tempering, were 
performed on Saturn variety, medium grain rice, parboiled 
under fixed conditions. The dried and tempered rice samples 
were then moisture equilibrated under room conditions and 
subjected to standard milling procedures. Analyses were 
performed to evaluate color,texture, protein, and strength 
characteristics of the milled rice. A time-based study of 
kernel hardness and strength properties was also performed 
for 93 hours after drying, on separate samples for a
selected treatment combination.
The intermediate air temperature of 93.3°C, for any 
single tempering treatment, produced the highest head yield 
in the rice samples. This trend was sustained over all the 
moisture levels to which the samples were dried. This trend, 
together with the increase of color and strength properties 
of the rice kernels was attributed to the extended
parboiling effect at this temperature.
The tempering treatment 2, realized the highest head 
rice yield especially at the 93.3°C air temperature drying 
treatment. Tempering treatments, in general, other than 
treatment 1, were beneficial in terms of improvement of
nearly 8% in head yield.
The time-based study indicated that grain kernel 
fissures were not present although breakage still occurred 
in the samples. Comparison of the strength characteristics 
from the time-based study with those of the main experiment 
showed that improvement of strength characteristics 
persisted for several weeks. A delay of approximately three 
weeks prior to milling was considered appropriate to realize 
optimum milled rice yields.
The grain quality index developed in this study 
corroborated the results of the main experiment in ranking 
the treatments on a basis of preferred characteristics for 
the end product.
INTRODUCTION
General
Rice is one of the most important food crops in the 
world. It is reported that rice is the staple food for more 
than half the world's population. In some of the more 
densely populated areas, rice is also the main source of 
protein (43).
Although rice is generally used as a staple, this 
cereal is processed in the United States into several 
different prepared products (29). Some of these are 
breakfast cereals, canned rice products, and quick cooking 
rice (11,28,29,19,30,32). Broken rice is used in flour 
production, brewing and fermented products (31,20,21,54).
Partial boiling or parboiling of rice is believed to be 
an ancient process applied to rice. This process was 
probably invented to facilitate the easy removal of husk. 
The other beneficial changes were of less significance (15). 
This process has survived over the years due to its many 
advantages and improvement of mechanical milling equipment. 
Parboiling has spread to many countries as a result of the 
above (15). Gariboldi has reported that approximately one 
fifth of the world rice crop is parboiled (16).
Rice parboiling is a hydrothermic process applied as a 
treatment prior to the normal milling stage. The result is
an increase of moisture content of the rice to approximately 
35% on a wet basis (w.b. ) .Drying of parboiled rice to
moisture levels suitable for milling and storage is an 
integral part of the overall process. The drying stage, 
though assuming different forms based on the practices in a 
particular country, is a very important step in the process 
of parboiling. If the drying stage is not accomplished 
properly, the economic advantage of reduced breakage of rice 
due to parboiling will not be realized. Several studies have 
indicated that to obtain good yields, drying of parboiled 
rice must be temporarily stopped at a moisture level of
approximately 16% (w.b.) (9,49) < At this point it is
believed,the moisture distribution becomes more uniform. 
This is referred to as 'tempering1. Tempering requirements 
have been reported in the literature for both sun drying and 
mechanical drying.
Drying of parboiled rice in the U.S. is accomplished in 
mechanical dryers. Air heated to temperatures as high as
232.2°C is utilized in the dryers. In general, the parboiled 
rice is rapidly dried in the first stage at a high 
temperature and then subsequently subjected to a combination 
of slow drying (at lower temperatures) and tempering stages. 
Details of the drying parameters are not readily available 
as some of these are of a proprietary nature. It is believed 
that the combinations of treatments of drying and tempering 
vary within the industry.
Previous studies in this area have shown that if drying
was continued beyond a moisture level of 16% (w.b.) without 
any tempering/ very low yields of whole kernels would result 
(9,49). This indicates that changes in some properties of 
the grains occur after the initial drying stage. Breakage of 
non-parboiled rice during processing is caused by several 
factors. These are related to the physical properties of the 
rice grain and to the conditions under which the grain is 
milled (47). When rice is properly parboiled many previous 
shortcomings such as cracks in the grains are eliminated 
(6). Thus the most appropriate drying and tempering 
treatments would be the key to obtaining good whole kernel 
yields in parboiled rice.
Inherent grain properties, and the conditions of 
milling such as the grain temperature, moisture content, the 
temperature and humidity of the milling environment, the 
degree of milling, and condition and mechanical setting of 
the machinery, influence the grain breakage. All of the 
above factors control the amount of grain breakage in the 
industry. With the exception of the inherent grain 
properties, all of the above mentioned factors could be 
controlled quite adequately in a laboratory situation.
The major thrust in this study is at the drying and 
post-drying treatments and their effect on the grain 
quality.
kThe parboiling process and its importance
Parboiling could be described as the heat treatment of 
'raw' rough rice at elevated moisture levels. The essential 
steps in the process are soaking, heat treating, and drying 
to an acceptable level of moisture for milling. With care, 
even brown rice could be parboiled (16). Easy removal of 
hulls was the first recognized advantage of the process 
(15). Today several advantages resulting from this treatment 
have been recognized. The increased resistance to milling 
resulting in higher whole kernel yields (whole kernel rice 
usually fetches double the price of broken rice) is one of 
the most important reasons for parboiling rice. This process 
is also sometimes used as a salvage technique in some 
countries, where certain varieties of rough rice normally 
give low mill yields (mainly due to partial spoilage or 
varietal characteristics). The parboiling process, under 
these circumstances serves to extract the maximum amount of 
edible rice.
Converting the rice crop to an edible form involves 
many post harvest operations. The major objective of these 
operations is to obtain the maximum amount of food from the 
crop. Parboiling, in this context, serves to meet these 
objectives to some extent. The early stages of scientific 
research in rice parboiling were directed at the nutritional 
aspects of parboiled rice. Presently the scope of research 
has been extended to other aspects of production of
parboiled rice, so that it may become acceptable to a 
greater number of consumers (15).
Parboiling of rough rice first gained prominence when 
it was discovered that undermilled and parboiled rice 
reduced the occurrence of Beriberi disease (16). Vitamin Bl 
(Thiamine) was later extracted from rice bran, and the 
deficiency of this vitamin was associated with the Beriberi 
disease (16). Today nearly 170 million tons of rough rice 
are parboiled annually (16). The major producers of 
parboiled rice are the Southeast Asian countries and some 
countries of Africa. These countries produce parboiled rice 
mainly for consumption. More recently, North and South 
America, and some countries of Europe have begun the 
production of parboiled rice, mainly for export.
Objectives of study
Some of the major reasons for parboiling rice are the 
economic advantages it entails by the increase of head rice 
(whole kernel) yields, the preference by consumers in some 
countries, and its suitability for preparation of canned 
foods.
Since it is known that the post-drying treatments play 
an equal, if not a more important, part as the soaking and 
steaming stages to produce the increase in the head yields, 
an investigation of these treatments was chosen as being
useful in this area. Additionally, although much research 
has been conducted on the soaking and steaming stages and 
their effects on grain quality, information on the 
post-drying treatments and the related effects is meager. 
The following objectives were therefore set forth,
(a) To develop a quality index for parboiled rice which 
would encompass yield, color, and texture (of the 
cooked product) properties.
(b) To determine the changes in the grain kernels 
due to the drying and post-drying 
treatments.
LITERATURE REVIEW
Drying of parboiled rice
According to Gariboldi (16) the main objectives of 
drying parboiled rice are:
(1) To reduce the moisture content to an optimum level 
for milling and storage.
(2) To obtain the maximum mill yields in terms of 
whole grains.
In general, drying parboiled rice is different from the 
drying of 'raw' untreated rice. These differences are 
brought upon by the fact that the initial moisture content 
of parboiled rice is considerably higher than that of raw 
rice, and the texture of the rice is different due to the 
compact nature and gelatinized form of the starch.
Most of the research work conducted in the area of 
parboiled rice drying has been with the objective of 
optimizing the process conditions and maximizing the head 
rice yield of the parboiled rice. Bhattacharya and Subba Rao 
studied the processing conditions and milling yield of 
parboiled rice, and made the observation that under adverse 
conditions of drying, good milling results could be obtained 
only if the prior heat treatment (steaming stage) had been 
severe (7).
Rama Rao and Bonde evaluated the drying 
characteristics of parboiled rice in a model Louisiana State 
University type dryer and reported that drying at 90°C air
temperature in the first stage and 70°C in the second, with 
a six hour tempering period between stages gave the best 
milling results (42). Bakker-Arkema et al.,(4), investigated 
the commercial drying of parboiled rice by replacing two 
rotary dryers with one three stage concurrent flow dryer. 
These authors have reported that this replacement resulted 
in a 34% saving of energy and a significant improvement in 
the quality of the final product. Evaluating the use of hot 
air for both parboiling and drying of rough rice, Vasan, 
Basheer, and Venkatesan used air in the temperature range 
200-220°C first for heating soaked rice, and they dried the 
rough rice with air in the temperature range 100-130°C (52). 
The heating of rough rice was accomplished in two passes, 
while the drying required only one pass at the lower
temperature. This process was found to adequately parboil 
and dry the rough rice to storage levels, and the quality in
terms of gelatinization and mill yields was comparable to
conventionally parboiled rice.
In a study of the drying of high moisture parboiled 
rice, Bakshi and Singh reported that drying rates of 
parboiled rough rice, parboiled brown rice, and raw brown 
rice were about the same (3). These authors found no
constant rate drying even at a high moisture (60% dry 
basis,d.b.), and have reported that the energy required to 
evaporate 1 kg of water in parboiled rice was less than that 
for raw rice. Chandra and Singh conducted thin-layer drying 
experiments for long-grain parboiled rice at air
temperatures in the range 37.8 - 158.3°C and relative
humidities from 0.3 to 80% (13). They found that an
exponential expression gave the best fit to the drying data 
at all conditions. Byler, Anderson, and Brook compared seven 
thin-layer models for parboiled rice drying using non-linear 
regression techniques (12). These authors reported that a 
four term decaying exponential model was appropriate. It was 
also reported that Page’s equation and the geometry of 
infinite cylinder, and sphere were unacceptable for this 
purpose.
The need for tempering
The tempering stage in drying allows the moisture 
within the kernels to be redistributed to reduce the 
gradient brought on by the previous drying stage. Whenever 
rice with a high initial moisture content such as early 
harvested rice or soaked rice for parboiling, is dried to 
levels of moisture acceptable for storage or processing, two 
key factors dictate the need for tempering. These are the 
rate of moisture removal and grain quality. The rate of 
moisture removal can be greater if the grains are tempered 
between drying stages, and the grain quality (in terms of 
head yield) was always found to be better when the rice was 
tempered. Several investigators have reported the beneficial 
effects of tempering. In a study of commercial sun drying of 
parboiled rice, Bhattacharya and Zakiuddin Ali have reported
the results of earlier workers such as Sluyters in Nigeria, 
and Crauford in West Africar who observed that damage (low 
head yields) occurred during rapid drying only below 16% 
moisture content (w.b.), and only after the drying had been 
terminated (9). Based on these results and their own 
observations, Bhattacharya and Zakiuddin Ali have reported 
that for safe drying of parboiled rough rice, the process 
must be conducted in two stages with tempering at a moisture 
level of approximately 16% (w.b.), followed by maintaing the 
rice hot for two to three hours (9). In this regard 
Bhattacharya and Subba Rao, and Bhattacharya, have cautioned 
that although kernel defects such as cracks, chalkiness, 
etc., are all healed during the parboiling process, proper 
drying procedures must be adopted to obtain good milling 
quality (7,8,6). These investigators have also reported that 
properly dried parboiled rice is very resistant to 
mechanical breakage, and that milling quality of parboiled 
rice is solely determined by the drying treatments, and is 
independent of the previous history of the grains.
Stipe et al., who conducted several studies on 
steaming and drying of naturally high moisture rough rice, 
have noted that drying down to 13% (w.b.) could be achieved 
in a single pass if the grains were tempered immediately for 
one hour at 70°C in a sealed vessel (the drying air 
temperature was 80°C) (49). This procedure gave satisfactory
results in the milling stage.
In a simulation study of rough rice tempering, Steffe
and Singh have concluded that liquid diffusion theory could 
be used to simulate the drying and tempering of rough rice 
(48). In this study the product was considered as a 
composite material consisting of a. spherical core (the 
starchy endosperm) surrounded by two concentric shells (the 
bran and hull layers). Steffe and Singh also measured the 
changes in relative humidity of the void space in a mass of 
rough rice that was being tempered, and made the conclusion 
that these changes in relative humidity may be compared to 
theoretically predicted changes in surface liquid 
concentration of a rough rice kernel.
Gustafson, Mahmoud and Hall, conducted a study to 
assess the reduction in breakage susceptibility and the 
removal of moisture during cooling of short-term tempering 
of corn. They reported that short-term tempering effectively 
reduced the breakage susceptibility of the grain after 
cooling, and that tempering allowed more water to be removed 
during cooling, which in turn improved the efficiency of the 
drying process (18).
Based on these studies, several important aspects of 
the drying and post-drying treatments could be observed. 
First, if good mill yields are to be obtained, then drying 
must be conducted in stages with tempering between the 
drying stages. Second, if multi-stage drying is to be used, 
then the first stage must be terminated at approximately 16% 
moisture content (w.b.). Third, if drying in a single stage 
is attempted (usually at a high drying air temperature),
then the grains must be tempered afterwards at approximately 
the same temperature as that of the drying air, and without 
any exchange of moisture from the grains. In this regard, 
Wasserman et al., have reported higher head yields when 
tempering was conducted at 40.6°C in comparison to the 
yields resulting from tempering at 23.9°C (the drying air 
temperature was 43.3°C) (55).
Grain fissuring and breakage
Fissuring or cracking of rice grains has been the 
subject of many studies. In the literature, several 
different terms have been used to indicate that a grain 
kernel is cracked or partly broken. Sharma and Kunze clarify 
the term 'fissure' as the large internal fracture usually 
found to be perpendicular to the long axis of the grain 
(46) .
It has long been known that when rice is subjected to 
an environment of temperature such as that encountered in 
drying, both thermal and moisture gradients are set up 
within the kernels. Several workers have concluded that 
moisture gradient is the major cause of grain fissures. 
Moisture gradients resulting from adsorption of moisture 
also have the potential to cause fissures in rice kernels 
(26). In this regard, Sharma and Kunze have stated that
conditions such as the temperature and relative humidity of 
the environment only determine the magnitude of the moisture 
gradient produced in the grain (46). These authors have 
observed that fissures caused by moisture adsorption
normally develop during the adsorption process, while
fissures caused by rapid moisture desorption develop after 
the drying process ceases (46). In a study of single-layer 
drying of brown rice, Mannapperuma has reported that thermal
stresses reached a maximum of 276 KPa (40 psi) when
subjected to a temperature difference of 6 5.5°C, while
moisture stresses reached a maximum of 13938 KPa (2020 psi) 
under a moisture difference of 20% (d.b.) (35). On
comparison with the tensile strength of rice grains, the
thermal stresses were found to be harmless, while moisture 
stresses were destructive. This work is in agreement with 
the findings of Kunze and Hall who subjected rice kernels to 
a large temperature change (upto 34.4°C) while controlling 
the humidity such that no moisture changes occurred (25). 
This treatment did not cause any fissuring of the grains. 
Matthews et al., subjected long grain rough rice to a
combination of time and temperature treatments in
hermetically sealed containers to minimize moisture transfer 
at temperatures upto 120°C from 2 to 19 hours (36). The 
results indicated that heat by itself was not detrimental in 
causing breakage of the kernels. Ban, in a series of rice 
drying studies, has reported that fissuring does not 
necessarily occur immediately after quick drying, but
increases as time lapses, and also that cracking was more 
frequent among kernels of larger size (5). Ban's observation 
that fissuring does not occur immediately after drying has 
been supported by the work of Sharma and Kunze (46).
Several workers have tried to correlate the observed 
cracks in grains with grain breakage in the milling process. 
Rhind provides an excellent review of research work done in 
this area (44). He attempts to assemble the information on 
the causes (inherent in the grain) of breakage of rice 
grains when milled. Kondo and Okamura are cited generally as 
the first to recognize the influence of moisture changes in 
the grain on breakage (44). These authors showed the 
occurence and increase of fissured grains when dried grain 
was exposed to rain or moisture from the air. This effect 
was found to occur more with milled rice than with rough
rice. These observations of Kondo and Okamura have been 
supported by the work of Grant in Burma and Coyand in
Vietnam (44). Grant reported that the percentage of cracked 
grains in rough rice showed a marked increase when rice 
dried in the sun was exposed to dew at night as opposed to 
covering the grain overnight. Coyand found that the best 
milling results (lowest breakage) were obtained by drying in 
the shade after reaping just at maturity. Stahel, in a study 
conducted in Surinam observed the damaging effect (excessive 
breakage) of too rapid drying with the rough rice left
exposed on the stubble in the field (44). This author was 
the first to point out that it was not the rapid drying
which caused the development of cracks in the grain, but the 
reabsorption of water by the grain. In an attempt to
determine the point at which cracking started, Stahel found
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that when the moisture content was between 15 and 24% , 
remoistening had no effect on the breakage in milling, but 
if the rough rice had been dried to between 14 and 15% the 
head rice yield began to fall. This interesting observation 
clearly indicates that some notable change occurs in the 
grain at this point. Fish, as cited by Rhind, working with 
sections of scalded potato and starch gel has shown that 
sorption and desorption curves of water differed from normal 
when the moisture content exceeded 15%. Rhind states that 
below 15% moisture starch gel is brittle, and above 15% the 
gel becomes plastic in nature. With the elastic properties 
differing in different directions within the rice grain 
swelling pressures are thus expected to develop in an 
irregular manner leading to possible fissures. Rhind 
concludes that the change in sorption characteristics at 
about 15% moisture content appeared to accompany a change in 
elastic properties resulting in a reorientation of the gel 
structure. Such a situation would thus explain the earlier 
mentioned behavior in rice as observed by Stahel (44).
Moisture contents are stated as specified by authors. Wet 
or dry basis is not indicated.
Henderson, as summarized by Rhind (44), has shown
that:
(1) Cracking begins at the center of the kernel and 
progresses towards the minor circumference. There 
may be a single crack or multiple cracks and 
fractures in many directions as cracking 
progresses.
(2) Many of the internally cracked kernels did not 
fail when milled.
(3) Dew produced cracking, and half cracks tended to 
progress to full cracks when exposed to dew.
(4) Increases in temperature increased cracking and 
the highest yields are observed for samples dried 
at the lowest temperature.
Spadaro, Matthews, and Wadsworth (47) have classified 
the causes of grain breakage as belonging to the two general 
categories:
(1) Those related to the properties of the grains.
(2) Those related to the conditions under which grain
is milled.
The properties of the grains at the time of processing are 
determined by both the inherent varietal characteristics of 
the rice kernel, and by the conditions to which the rice is 
subjected during growing, harvesting, drying, storage, and 
any other treatments. Spadaro, Matthews, and Wadsworth (47)
have classified the conditions of milling that affect grain
breakage as :
(1) Temperature and moisture content of rice.
(2) Temperature and humidity of the milling 
environment.
(3) Degree of milling of the rice.
(4) Operating conditions and mechanical setting of the 
machinery.
Autrey et al., (2), Hogan et al., (22), and McDonald (34) 
did not find a good correlation between the amount of 
fissured kernels and the percentage of broken rice when it 
was milled. Matthews et al., made a comprehensive 
investigation and reported that grain type (long, medium, or 
short) was extremely important in the relationship between 
defective kernels and breakage (36). For long grain rice, 
they reported that only one third of the breakage after 
milling could be attributed to rough rice kernels that had 
an observable crack. They concluded that the low proportion 
of the cracked rough rice to broken milled rice could have 
been due to the inability of the X-ray technique to show all 
the cracks, or that the percentage of the cracks was 
indicative of a residual stressed condition in the 
apparently sound kernels. They also reported that in the 
case of medium grain rice, half of the breakage after 
milling could be attributed to rough rice kernels that had 
an observable crack. In this context, Rhind offers some 
explanation by citing Swanson, regarding the bushel weight 
of fissured grains (44). Swanson has reported that in the 
case of wheat, fissured grain occupies a greater volume and
therefore a lower bushel weight. Rhind speculates that in 
addition to the grains being weakened by the fissures, the 
greater volume of the fissured kernels would subject them to
greater forces in the mill (44). In another study conducted
by Autrey et al., to determine the effect of the relative
humidity of the mill room, it was reported that in general 
(except parboiled rice) there was a sharp drop in percent 
whole rice at relative humidities above 70% (44).
Chen and Kunze (14) subjected rough rice to different 
temperature and relative humidity combinations of 
environmental conditions and reported the following
observation:
In the case of samples at 11.90% (d.b.) in 
the temperature range of 20 - 30°C a relative 
humidity range of 38% points affected the head 
yield of the grain. For samples at 9.35% (d.b.) 
a relative humidity increase of 31% points 
already caused significant loss in head yield in 
the same temperature range.
Several different studies have been conducted to 
investigate the fissuring of rice kernels after drying. The 
drying conditions that have contributed to the fissuring of 
grain are the drying rate and drying duration. Coupled with 
these is the initial moisture of the rice that contributes 
to the amount of fissured kernels in the final product. 
Nguyen and Kunze (40) have studied the fissures in rough 
rice resulting from the drying and post drying treatments,
and made the following conclusions:
(1) Drying temperature (i.e. drying rate) had 
significant effect on the fissuring of rough rice 
in susequent storage.
(2) Effect of storage relative humidity on the 
fissuring of rough rice was significant. Low 
storage humidity of 11% helped to prevent fissures 
in the rough rice.
(3) The breaking strength of rough rice was inversely 
proportional to the percentage of fissured grains 
at the end of any storage period after drying.
In a similar investigation of fissuring of rice grains after 
heated air drying, Kunze documented the development of 
fissures for up to 48 hours after drying (23). He made the 
conclusions that the percentage of rough rice or brown rice 
kernels that were fissured shortly after drying were quite 
small, and that older rice had more fissures than freshly 
harvested rice. Photographic documentation was used in this 
study to show that certain grains that were not fissured at 
the end of drying, fissured during a period of time after 
the drying was completed. An important observation made in 
this study was that the length of drying time and the span 
of moisture content through which the grains were dried 
showed little relation to the number of grains fissured 
immediately after drying. This appears to provide the key to 
the use of the proper type of post drying treatment while 
still using faster rates of moisture removal for good grain
quality (low breakage in final milling). Investigating the 
effect of the drying temperature and the initial moisture of 
the rice grains on grain fissuring characteristics, Sharma 
and Kunze have reported that few kernels fissured while 
drying, but that most of the fissuring occurred within 48 
hours (46). Thereafter additional fissures were found to 
develop at slower rates for another 72 hours. These authors 
have also observed in this study that high moisture rice 
would fissure more than low moisture rice when subjected to 
a high drying potential for two hours or more. However, the 
observation was made that high moisture rice grains 
subjected to a high drying potential for short periods of 
time may not fissure because the grains are still elastic 
after such treatments.
The work of Nishiyama et al., who developed a crack 
generation equation of the form:
c -  co e
where C = percentage of fissured grain at time T
CQ= percentage of fissured grain at the end of
drying
C e= final percentage of fissured grains
K = fissuring constant, h ^
T = storage period, h
m = Shape of Weibull function, dimensionless 
have been cited by Sharma and Kunze who determined the
constants in the above equation from their study (46). In 
this study the prediction curves were found to have a good 
correlation with the data points.
Grain properties as related to temperature and moisture 
changes
Within the scope of this study, the treatments given 
to the rice samples include parboiling, drying, tempering or 
post-drying treatments, and finally processing. The changes 
brought about by these steps was measured in terms of 
certain specific characteristics such as head yield, color, 
texture (of the cooked product), strength in bending, and 
protein content. These attributes constitute some of the 
quality criteria for the rice grain under the broader 
heading of 'grain quality'. Thus a review of the past work 
in this area, with special reference to how these attributes 
change under different types of treatments, would be 
appropriate.
Rice quality in general, according to Webb (56), could 
be classified into the following broad areas:
(1) Milling quality
(2) Cooking, eating, and processing quality
(3) Nutritive quality
(4) Specific standards for cleanliness, soundness and 
purity.
In general, all of these are important in determining the
suitability of rice for a particular use. Since rice is used 
in many different ways and forms, the quality 
characteristics appropriate in each case may vary and would 
be related to the final consumer acceptance.
As an example, the quality characteristics used by 
rice breeders in selecting varieties that have both 
desirable agronomic and cooking qualities as listed by 
Goodman (17) are:
(1) Amylose
(2) Alkali spreading value
(3) Water uptake capacity
(4) Birefringence end-point temperature
(5) Amylographic pasting
(6) Protein content
(7) Parboil canning stability
(8) Kernel hardness
(9) Mill yields.
As stated earlier, the grain characteristics relevant 
to this study are the yields (primarily whole kernel yield), 
color, cooked rice texture, strength in bending, and protein 
content. Some of the selected references, especially with 
reference to changes to drying and post-drying treatments 
are reviewed.
Several different studies have been conducted to 
determine the changes in the physical, thermal, and 
mechanical properties of rice under varying temperature and 
moisture environments. Biswas, Wratten, and Faulkner studied
the effects of high temperature and moisture for 
pre-conditioning rice for milling, and have reported that 
rapid pre-heating freshly harvested rice at high moisture 
levels resulted in marked increase of both total and head 
yields (10). These authors have also indicated an upper 
limit of 107.2°C of pre-heat for high moisture rice in the 
moisture range of 22.2 to 24.8% (w.b.).
Prasad, Mannapperuma, and Wratten investigated the 
thermal and hygroscopic expansion of brown rice with the 
intention of understanding the stress and crack development 
of rice grains (41). They reported that the thermal 
expansion of brown rice was found to take place at a single 
uniform rate for the entire range of 30 - 70°C at all the 
moisture levels used in the study. In this study these 
authors also made an important conclusion that for a 1% 
change in moisture, the volumetric expansion of brown rice 
was 100 times that for a 1°C change in temperature. From 
this it would be expected therefore that stresses due to 
moisture gradients could be a major cause of cracking. In 
studying the effects of temperature and time on the 
mechanical properties of lightly milled rice, Maa and Kunze 
observed that temperature had no significant effect on the 
strength of lightly milled rice which was equilibrated in 
the temperature range 4.4 - 37.8°C and the two relative
humidities of 44 and 75% (33). It was found that all the
mechanical properties were significantly affected by the 
moisture content, variety of the grain, the internal
structure of the grain, type of test, and loading rate. In a 
similar study Kunze and Choudhury investigated the tensile 
strength of individual rice kernels at moisture equilibrated 
conditions and also at some intervals after the grains were 
exposed to a moisture adsorbing environment (24). Within the 
'retardation time' (i.e. time required to obtain initial 
fissuring when kernels equilibrated at 23.3°C and 44%
relative humidity were suddenly exposed to 86 or 100%
relative humidity at the same temperature) the tensile 
strength was found to be related to the time after exposure.
Aurora, Henderson, and Burkhardt determined the
coefficient of cubical thermal expansion, modulus of
elasticity, the maximum tensile strength, and the maximum
tensile strain of rice kernels (1). These authors also
studied the relationship between drying air temperature and
the mechanical properties in relation to the cracking of
grain kernels. It was found in this study that rice kernels
exhibited an increase in the rate of thermal expansion above
53°C. This temperature proved to be a transition point, and
the rates of thermal expansion were found to be linear above
and below this point. The rice kernels were found to be
elastic in compression up to a load of 10 kg (the load
deformation plot was not linear above 10 kg) . The average
tensile strength of rice kernels was reported as 117.84 
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kg/cm . Serious cracking of the rice kernels was observed 
when the temperature difference between the drying air and 
the kernels exceded 43°C. Other studies on a similar basis
have been reported by Lee and Kunze (27).
Rice kernel hardness studies have been reported in the 
literature by Nagato and Kono (39), and Goodman (17). Nagato 
and Kono explored the relationship between kernel hardness 
distribution, grain shape, and structure of the endosperm 
tissue with reference to varietal differences. Goodman 
explained that rice kernel hardness represented more than 
the usual measure of kernel surface resistance to 
penetration. He stated that it is a measure of the 
compressive shear strength of the rice kernel. Goodman 
measured this parameter by orienting the kernel on its 
flattest surface between two parallel plates and exerting a 
force at constant speed until the kernel failed. Results of 
this study showed that hardness was found to be positively 
correlated to the area-volume ratio and protein content, and 
negatively correlated to the rough rice moisture content. 
Juliano as cited by Goodman has also reported that kernel 
hardness was significantly correlated to protein content 
(17). Other physical and thermal properties have been 
investigated by Wratten et al., (57), and Morita and Singh 
(38) .
Several workers have looked at the color of parboiled 
rice. Most of these studies were concerned with the changes 
in color of parboiled rice brought about by the soaking and 
steaming stages. Gariboldi has stated that the length of 
soaking time and temperature assist enzyme activity with the 
production of sugars which then undergo browning in the
steaming stage, causing a deep color in the rice (16). 
Jayanarayanan, as cited by Gariboldi, showed the decrease in 
whiteness of parboiled rice with increase of the enzyme 
(amylase) activity, with 60°C soaking temperature being the 
optimum for this enzyme. Rao et al., have reported that the 
temperature of the soaking water, and the period of soaking 
had a significant effect on the increase of color in 
parboiled rice (43). Roberts et al. , have investigated the 
effect of processing conditions on the color of parboiled 
rice. They reported that color development increased rapidly 
to a point corresponding to a steam temperature of lOO^C 
(45). On increasing the heat treatment past this point, 
there was little increase in color. However, the color was 
found to increase to some extent when the temperature 
exceeded 123°C. Roberts et al., concluded that most of the 
color developed in the endosperm is a result of absorption 
of reducing sugars from the bran layer and embryo during 
soaking, followed by a reaction with amino acids to produce 
browning. This absorption of reducing sugars probably 
increased with time and temperature of soaking. The 
subsequent browning effect of course, is influenced by the 
severity of heat treatment. Soaking at or above 70°C has 
been reported by Bhattacharya and Subba Rao as having a 
relatively greater effect on the color of parboiled rice
(7). Besides the enzyme action, the husk pigment and bran 
also contributed to the color of parboiled rice. Bran, whose 
color is itself darkened by the Maillard reaction (since the
bran is rich in free sugars and amino acids), is embedded in 
the endosperm, thus adding to the color of the rice (7). It 
is also believed that the pH of the soaking water could 
contribute to the color effect (7).
Very few studies have related drying or post-drying 
treatments to the change of color of parboiled rice. 
Zuggaramurdi, Booman, and Singh determined the influence of 
the drying air temperature on the changes in color of 
parboiled rice (58). These authors have reported a 20% 
change in the color of the milled parboiled rice for an 
increase in the air temperature from 50 to 140°C.
PLAN OF EXPERIMENT
Description of experiment
In this study, medium grain, Saturn variety rice was 
used for all the treatments. The soaking and steaming stages 
of the experiment were maintained constant for all 
treatments. Based on the authors previous work (53), and
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pilot investigations, a soak water temperature of 60 C, 
under atmospheric pressure for a period of 4 hours was 
selected. An equilibration time of 4 hours was allowed for 
all treatments prior to the steaming stage. The rice samples 
were steamed at 103.51 kPa (15 psi), for 10 minutes.
Upon completion of the steaming stage, the rice
samples were immediately transfered to the experimental
dryer. The dryer was preconditioned to the specific air flow
and drying air temperature. The air flow rate was maintained
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constant (4.955 m /min.) for all treatments. Three air 
temperatures of 65.6°C, 93.3°C, and 140°C were utilized. The 
samples were dried to approximately 18%, 16%, and 14%
moisture content (w.b.) respectively at each air temperature 
setting. Resident times to reach the above mentioned 
moisture levels were first determined and used throughout 
the study for the drying stage.
Four different post-drying treatments were selected 
and applied immediately after the drying stage was
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completed. These (designated as TM1 - TM4) were:
(1) TMl-The samples of rice were spread on mesh trays
and placed in an airing cupboard in the 
laboratory.
(2) TM2-The rice samples were sealed in metal
canisters and immediately transferred to an 
air oven preconditioned at 9 3.3°C for the 
93.3°C and 140°C drying air temperature 
treatments, and at 65.6°C for the 65.6°C 
drying air temperature treatments.The duration 
in the oven was 2 hours, after which the 
samples were transferred to insulated 
containers, sealed and placed in the 
laboratory for 24 hours- The samples were 
finally spread on mesh trays and placed in the 
airing cupboard in the laboratory.
(3) TM3-0n completion of the drying stage, the samples
were quickly transferred to aluminum foil 
sachets (approximately 15 cm long and 10 cm 
wide in size) and sealed. These sachets were 
then kept in the laboratory for 24 hours, 
before being opened and the rice spread on 
mesh trays to be placed in the airing 
cupboard.
(4) TM4-Immediately after drying the samples of rice
were transferred into insulated containers and 
sealed for 24 hours, at the end of this
30
period, the samples were spread on mesh trays 
and placed in the laboratory airing cupboard.
The above mentioned resident time of 24 hours, in the 
insulated containers and the aluminum sachets was determined 
experimentally using a thermocouple and recorder 
arrangement. This time period was adequate for the rice 
samples to reach room temperature conditions.
On completion of the parboiling, drying, and tempering 
treatments, the samples were kept in the airing cupboard for 
approximately 10 days under room conditions. These samples 
were then sealed in plastic canisters. Approximately three 
weeks later, these samples were shelled, milled, and hand 
graded for separation of the broken kernels. Color analysis 
of each of the samples was then performed. Six sound kernels 
from each replicate were then tested in an Instron Universal 
Testing Machine to determine the ultimate tensile stress.
Rice from each replicate was then cooked by a fixed 
method and the texture of the cooked rice (essentially a 
shear test of bite-size samples) determined in a PEP Texture 
Analyzer. The crude protein values of all samples were also 
determined by the Kjeldhal procedure using an Autoanalyzer.
At the 93.3°C drying air temperature, a sample, after 
the parboiling process, was dried to the 14% moisture (w.b.) 
level, and one half of the sample was sealed in an insulated 
container while the other was spread on a mesh tray and 
placed in the laboratory. Crack formation, bending tests (to
determine the ultimate tensile stress), and hardness tests 
were performed every 6 hours for 33 hours and then at the 
45th, 69th and 93rd hour.
Treatments and experimental design
The summary of treatments in the study are shown 
below, and in Figure 1.
Part I Soaking and steaming 1 level
Part II Drying air temperature 3 levels
final moisture 3 levels
Part III Post-drying treatment 4 levels
Thus a total of 36 treatments were undertaken for the study.
Three replications of each treatment were carried out in a 
random order.
-OReplicates (3)
-fc> Drying air temperatures! (3)
-{>Moisture levels at end of drying stage (3)
-{> Tempering treatments (1*)
Figure 1. DESIGN OF EXPERIMENT
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EQUIPMENT AND PROCEDURE
Sample preparation
Medium grain rice of the Saturn variety was used for 
the entire study. The sample lot was taken from the crop 
harvested during the 1983 season at one of the farms at 
Crowley, Louisiana. The rice was mechanically dried at the 
farm and subsequently stored at the Agricultural Engineering 
Department cold room (4°C), at Louisiana State University, 
Baton Rouge, Louisiana.
At the time of sample preparation, approximately 30 kg 
of this rice was cleaned in a Carter Dockage Tester to
remove all impurities. The screen sizes, air and feed
control settings for the Dockage Tester were selected 
according to the recommendations in the USDA Grain 
Inspection Manual, for medium grain rough rice, Southern 
production.
Slender kernels, shelled rice, and immature kernels 
were then separated from the sample lot in a Satake Rice 
Sizing Machine (Laboratory Model Type TWS). The cleaned and 
sized rice sample lot was then well mixed and stored in a 
cardboard barrel (lined on the inside with polythene) under 
laboratory room conditions(approximately 24°C and 60%
relative humidity). Samples (160 gm) were then drawn from 
this barrel for the experiments. Initial moisture
33
determination was performed in an air oven at 130°C for 16 
hours. At necessary stages of the treatments the samples 
were weighed on a Sauter RL-4 electronic weighing scale.
Parboiling equipment and procedure
All the rice samples were soaked in a temperature 
controlled water bath (Blue M Magniwhirl Model MW 1140 A-l) 
equipped with an electromagnetic agitator (Plate 1). This 
apparatus provided temperature control with an accuracy of 
± 0.2°C. The samples were placed in mesh baskets of diameter 
8.0 cm, and 15 cm height, and these were inturn immersed in 
glass beakers of 2000 ml capacity. These beakers were 
previously filled with water and placed in the water bath.
For each trial, the water bath, with sufficient water, 
was switched on and the glass beakers cont*’-Jng water were 
also placed in the bath. The previously calibrated 
thermostat was then set at 60°C, and when this temperature 
was obtained in the beakers the weighed rice samples were 
placed in these. Only one sample basket was placed in a 
beaker.
During the period of soaking (4 hours) the water bath 
provided automatic control of the temperature. At the end of 
the soaking period, the beakers containing the sample 
baskets were taken out, the water drained, and the rice 
samples were transferred to glass jars for moisture 
equilibration. The equilibration period was 4 hours and the
Plate 1. AUTOMATIC TEMPERATURE CONTROLLED WATER BATH
jars were sealed during this time. At the end of 4 hours the 
samples were ready for the heat treatment (steaming) stage.
The equipment used for the heat treatment consisted of 
the following;
(1) An automatic electric steam generator,
(2) A condensate collector/stabilizer, and
(3) A steaming chamber.
The layout of these components is shown in Figure 2, and
Plate 2. An automatic, Steam Products Corporation 'Hot Shot' 
Model MB-6, steam generator with a steam output capacity of 
9.08 kg (20 lb) and pressure range of 0 to 7.04 kg/cm^(100 
psi) was used (Plate 3). This steam generator was connected 
to the condensate collector, which in turn was connected to 
the steaming chamber via a two-way valve. The two-way valve 
was provided to divert steam flow from the steaming chamber 
to the drain line while the samples were loaded or
discharged from the chamber.
The steaming chamber consisted of a cylindrical 
thick-walled insulated sample holder with a mesh bottom (10 
cm internal diameter, 11.5 cm depth), sandwiched between two 
other cylinders as shown in Figure 3. The whole assembly was 
mounted on a bench drill press stand so that the spring
mounted top section could be locked down during the steaming 
operation (Plate 4). Rubber gaskets were placed at the top 
and bottom of the sample holder. This arrangement lifts the 
top section of the steamer immediately on releasing the
drill press clamp, thus enabling an unobstructed removal of
two-way valve
automatic
steam
generator
water Inlet
aftey valve
stabiliser
rice steaming 
/  chamber
0 - steam pressure gauge 
- steam valve
to drain
Figure 2. LAYOUT OF STEAMING ARRANGEMENT
Plate 2. LAYOUT OF STEAMING ARRANGEMENT
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Plate 3- STEAM GENERATOR
3 nos. supports
PLAN VIEVKquarter section)
pressure gauge
force exerted by drill press
top section
steam inlet
baffle
top section 
(shown closed)
rubber gasket
middle section 
(sample holder)
mesh bottomspacer rod
rubber gasket
baffle
bottom section
support
team outlet
ELEVATION (quarter section)
Figure 3- RICE SAMPLE STEAMER
Plate k. SAMPLE STEAMING DEVICE
the sample holder. The steam connection to the top section 
was moveable.
Steam treatment of all rice samples was performed at a 
constant pressure of 103 kPa (15 psi) for a period of 10 
minutes. These two criteria were selected from studies 
previously performed by the author on the same variety of 
rice (53).
The procedure adopted for steaming of the samples was 
to have the steam generator build up pressure prior to the 
experiment, and preheat the entire steaming chamber without 
the sample. This resulted in steady state conditions for the 
steaming section. The two-way valve was then changed to 
divert the steam flow, and the sample quickly loaded into 
the steamer. The valves were then adjusted to obtain the 
desired pressure in the sample holder (indicated on the 
attached gauge), and the timer started. At the end of the 
steaming period, the two-way valve was changed to divert the 
flow (to drain), the drill press head unlocked, and the 
steamed sample discharged for drying.
Baffles, within the top and bottom sections, were 
provided to prevent steam impinging on the rice sample in 
the form of a jet (Figure 3). The entire apparatus and the 
lengths of piping were insulated to prevent heat losses.
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Drying apparatus and procedure
The parboiled rice samples were dried in a drying 
apparatus, a schematic of which is shown in Figure 4. This 
apparatus was fabricated in the Agricultural Engineering 
Department Shop at Louisiana State University, Baton Rouge, 
Louisiana. The unit consists essentially of a blower, an air 
flow measuring section (that utilizes a flat plate orifice), 
a heating section and a drying section (Plate 5).
The orifice had an outer diameter of 9.92 cm and an 
orifice diameter of 6.35 cm. Pressure tappings upstream and 
downstream of the orifice were connected to a
3
micromanometer. An air flow rate of 4.955 m /min. was used 
throughout the experiment. The heating section consisted of 
several banks of electrical resistance heaters. Twelve 
heaters of 800 watts each in groups of four, and six heaters 
of 725 watts each in a group were provided with on/off 
control. Three separate 800 watt heaters were controlled by 
a variac, thus a fairly wide range of temperature settings 
were obtained for a particular air flow rate. The 
temperature in the drying section was monitored by using 
thermocouples. The drying section was provided with a door 
for introducing or withdrawing the samples, and heat 
resistant double glass front was fabricated into this door. 
The entire apparatus was well sealed and insulated. Before 
the running of any particular trial, the whole drying system
Sample tray
Heating section
Orifice Blower
Figure U. SCHEMATIC OF DRYING ARRANGEMENT
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Plate 5- DRYING APPARATUS
was conditioned until it stabilized at the set temperature.
Pilot runs at the three temperatures, 65.6°C,
93.3°C, and 140°C, were conducted to determine the drying 
durations for drying the samples to 18, 16, and 14% moisture 
content (w.b.). These time periods are shown in Table 1.
Sample milling analysis
All treated samples were stored in the laboratory for 
a minimum period of three weeks prior to the milling 
analysis. The samples were weighed and shelled in a McGill 
Sheller adjusted according to the USDA Grain Inspection 
Manual requirements for medium grain (Southern production) 
rice. The sheller was manually cleaned of any trapped grains 
before and after the shelling of each sample. The weight of 
brown rice was recorded. The brown rice was then transferred 
to a previously cleaned McGill No:2 Mill for bran removal. 
The counter weight was placed at a distance of 21.9 cm from 
the arm pivot for all samples. The mill was run for 120 
seconds with the weight on the arm, and for 120 seconds with 
the weight removed. This was done so that approximately 8.0% 
of bran (expressed as a percentage of the rough rice) was 
removed from all samples. All of the milled rice grains were 
carefully removed from the machine and spread on a clean 
piece of cloth to cool under room conditions. The grains 
were then rubbed gently to remove any particles of bran that 
were adhered to the rice kernels. The rice was then weighed
TABLE 1 DRYING PERIODS TO REACH REQUIRED MOISTURE LEVELS
Moisture 
content to 
which sample 
is dried.
%, wet basis
Time to reach appropriate moisture levels 
minutes
Drying air temperature ( deg . C)
65.6 93.3 14 0
18 60.00 22.50 12.00
16 68.00 27.25 14.50
80.00 33-00 17.50
and hand graded into broken kernels and whole kernels. These 
were then computed as percentages of the total milled rice. 
The head rice portions were then sealed in plastic bottles 
for the subsequent analyses.
Crack detection
Fissured kernels in the samples (after drying) were 
observed using a Fiber Optic Illuminator (Cole Parmer Model 
9745-00). This instrument consisted of a source of light, a 
fiber optic flexible light pipe and a lens at the end of the 
light pipe (Plate 6). The main features of this illuminator 
are:
(1) A 4.8 mm diameter fiber optic light pipe that 
could provide over 4000 foot candles at a 15.24 cm
distance in a 22 mm diameter spot of high
intensity 'cold' light. The light pipe remains at 
room temperature.
(2) A 30 watt quartz halogen (convection cooled) 
vibrationless source at a color temperature of 
3199° K.
(3) 28 mm focal length, slide-lock lens to provide 
light spot diameters from 4 mm to 7 3 mm.
One hundred grains were placed on a flat glass plate and the
fiber optic light pipe was positioned to provide spot 
illumination (diameter of spot: 10 mm) at a 45 angle. The
Plate 6. FIBER OPTIC ILLUMINATOR FOR CRACK DETECTION
grains with fissures were then counted providing the 
'percent fissured kernels' data for the study.
Color analysis
The color of the samples of treated rice was evaluated 
by comparison with a white standard reflectance plate of a 
Gardner XL-800 Series Tristimulus Colorimeter System (Plate 
7). This procedure provided the total color difference 
between the samples and the standard reflectance plate. The 
colorimeter system consisted of the following subsystems:
(1) The color (optical) sensors which both illuminate 
and view the sample, and send analog signals to 
the microcomputer.
(2) The microcomputer which mathematically manipulates 
the analog signals according to the selected scale 
and index.
(3) The digital subsystem which consists of a front 
panel with light emitting diodes.
(4) An input output device, which, in this case was 
the printer.
The apparatus required a warm up period of 30 minutes prior 
to calibration. After calibrating, the rice sample was 
placed in the cleaned glass sample cup (Plate 8) and the cup 
placed in the instrument sample port. The plunger provided 
with the instrument was then placed over the sample (to 
reduce the effect of stray light in the room) and the
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Plate 7- COLORIMETER SYSTEM
M
Plate 8. GLASS SAMPLE CUP FOR COLORIMETER
reading of the computed total color difference (AE) obtained 
and recorded. The total color difference was calculated by 
the microcomputer in the display unit, and is the square 
root of the sum of squares of the differences between the 
standard reflectance values and mean observed values on the 
L-a-b scale.
The total color difference values were obtained for 
three orientations of the sample cup in the instrument 
sample port. Care was exercised to measure the same volume 
of grains from each sample into the glass sample cup.
Bending tests
An Instron Universal Testing Machine, Model TM 1101 
(Plate 9) was used to determine the peak force and maximum 
stress in bending of individual kernels in each replicate. 
The instrument was set up with the load celldOOO lb 
reversible load cell with full scale ranges of 
20,50,100,200,500, and 1000 lb. Range used - 50 lb) attached 
to the base directly beneath the moving crosshead.
From each replicate, six 'sound' kernels were selected 
for the tests. 'Sound' kernels would typically be 
representative of the lot, and be free of visible flaws such 
as fissures, chipped edges and white centers (the hull was 
removed for the tests).
The kernels were freely supported between two 
horizontal cylindrical supports 0.16 cm in diameter and 0.35
5^
Plate 9. INSTRON UNIVERSAL TESTING MACHINE AND CHART
RECORDER
cm between centers. This arrangement was placed over the 
base unit of the Instron Universal Testing Machine which 
contained the load cell. The loading force was applied 
through another horizontal cylinder of the same size as the 
bottom supports (Figure 5). This cylinder was carefully 
centered between the bottom support cylinders. The crosshead 
speed was set at the constant value of 0.127 cm/min. (0.05 
in/min.), and the force then exerted on the rice kernel by 
the slow downward movement of the crosshead until the kernel 
failed. The recorder chart which was synchronized with the 
crosshead, was driven at 12.7 cm/min. (5 in/min.). The peak 
force was recorded for each test.
The two halves of the ruptured kernel were picked up, 
and mounted on a travelling microscope with the ruptured 
face horizontal. The major and minor axes of the elliptical 
section were then measured. The maximum tensile stress in 
bending was then calculated using the theory of simple 
bending as shown below. The results obtained from these 
calculations are subject to some error due to the 
non-homogeneity of the material and variations of the 
rupture section from a true elliptical shape.
M f
where M= bending moment,kg cm
I y 1= moment of inertia,cm
f = My/ I
2
f= bending stress, kg/cm
y= distance from neutral
INA ="ab3A for an elliptical 
section
axis, cm
V.'= force, kg
y = b for maximum stress f = maximum bending
max stress, kg/cn?
max
Loading axis
Attached to moving 
cross head
Rice kernel
Attached to base 
containing load cell
-a~t *
o
2b
Section of rice kernel at X X
Figure 5. RICE KERNEL SUPPORT SYSTEM FOR BENDING TEST
v_n
f
max
M = WL/k
= (WLbA)/ («ab3/l+)
= (WL)/(>tabP ) hg/cm2
a= semi-major axis of 
ellipse, cm
b= semi-minor axis of 
ellipse, cm
Texture tests
The texture of the cooked rice from each treatment was 
tested on a Pabst Model TT-2 Texture Tester. The texture was 
measured in the compressive shear force test cell of the
apparatus and a permanent record obtained on a chart. A
standard cooking procedure was adopted for all the samples 
and the texture test performed on a known amount of the
cooked rice.
The rice samples were cooked in an Automatic Pep
•m
Precision cooker Model PCS-3 (Plate 10). This cooking system 
has one master and two slave cooking stations. In the
primary mode of operation the master station was programmed 
for power (cooking rate) and time control. The other 
stations then operate in a slave mode to the master station 
with a tracking accuracy of 1% throughout the cooking cycle. 
The unique feature of this system was that the actual 
control of the cooking cycle was by power level and time 
rather than temperature as the basic control variable.
The specific procedure adopted for this study was as 
follows: 900 ml of tap water was added to each pot at a
cooking station, and three 150 ml glass beakers each 
containing 60 ml of tap water were placed in these pots. The
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Plate 10. AUTOMATIC PRECISION COOKER
lids were placed in position on the pots and the pressure 
relief valve weights were removed (this was done to 
facilitate controlled venting and prevent loss of heat 
during the preheat cycle). The preheat control was set to 
provide 700 watts of power to each station, and the preheat 
timer set for 13 minutes. At the end of this period of time 
the pot lid was removed, and 22 gm of the rice sample was 
added to each of the three beakers in the pots. The cook 
cycle would automatically start at the end of the preheat 
cycle. The setting in this case was to provide 400 watts per 
station, and the cook cycle time was 37 minutes. No 
differences in the water uptake were observed, hence the 
above procedure was standardized for all the treatments.
At the end of the cook cycle the beakers were removed, 
covered with plastic film wrcp, and allowed to cool for 15 
minutes. The cooked rice was now ready for the texture 
analysis.
The texture tester consisted essentially of the 
following:
(1) The controls, test chamber with dies, and chart 
recorder,
(2) The digital readout unit,
(3) The electronic integrator, (Plate 11).
Five grams of the cooked rice was placed in the test cell, 
its cover closed, and the press mechanism actuated. The dies 
move at a constant rate creating an action of forces 
analogous to those exerted by the teeth during the eating
Plate 11. TEXTURE TESTER
process. The measured quantity is a compressive shear force 
resulting from the action of the dies on the cooked rice 
samples. In the test cell the moving die is driven by a 
hydraulic servo which is rate regulated and position 
controlled. The stationary die is mounted in an anti­
friction suspension so that the force resulting from the die 
action on the cooked rice could be measured. A null-seeking 
force balance system, driven by a servomotor, provides the 
balance force to maintain the stationary die in its 
position. The recorder pen is direct coupled to the 
force-balance servo for direct tracking of the forces on the 
stationary die. The cell closure displacement is coupled to 
drive the paper of the recorder. For every cycle of the 
dies, the digital electronic integrator displays (on the 
completion of each cycle) a three digit 1-e-d readout of the 
area under the force displacement curve which lies between 
the integration limits selected based on recommendation of 
the manufacturer. The electronic computation was independent 
of the test cell stroke velocity. Scale multipliers were 
provided by the manufacturer to convert the numbers obtained 
on the integrator to kg-cm units. Thus for every sample, the 
maximum force as seen on the chart recorder, and the area 
under the curve were recorded. After each cycle was 
completed, the rinse cycle was manually activated to clean 
out the test cell. Approximately four sub-samples were 
tested for each replicate. These values were then averaged 
to provide the data for the study.
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Hardness test
Hardness of the rice kernels in this study was tested 
using an Instron Universal Testing Machine described earlier 
(Plate 9). The test was performed by attaching parallel 
aluminum plates to the moving crosshead and the load cell 
platform at the base. Six kernels of shelled rice were 
tested in direct compression in this test. As in the case of 
the bending tests, only sound kernels free of visible flaws 
were tested. Each kernel was oriented on its flattest 
surface on the bottom plate, and the crosshead was moved 
down at a constant speed of 0.127 cm/min., on the kernel 
until failure occurred. The chart recorder, which was 
synchronized with the moving crosshead was driven at 12.7 
cm/min. The hardness value of each sample was determined by 
averaging the yield point loads for each kernel.
Protein analysis
The crude protein content of all the samples was 
evaluated by the Southeast Research Station of the Louisiana 
State University Agricultural Center, at Franklinton, 
Louisiana. The method employed was the Kjeldhal procedure.
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Grain quality index
Four basic characteristics were chosen in this study 
for the purpose of developing the grain quality index. These 
characteristics were:
(1) Head rice yield
(2) Total color difference
(3) Crude protein value
(4) The 'area' measure in texture
Head rice and color would represent economic factors as it 
is well documented that whole unbroken kernels and a light 
color (approaching that of raw milled rice) are preferred 
criteria in the market place. The 'area' measure in the 
texture test, after suitable conversion provides a measure 
of the work function relating to the work done by the 
chewing action when an individual partakes of cooked 
parboiled rice. Thus this measure was included as a 
criterion of consumer preference. The crude protein measure 
was considered in the index since it was expected that it 
could be affected by the combination of treatments planned 
for the study. Protein value was also considered due to the 
fact that although nutrients in rice is not a concern in the 
U.S., in many densely populated areas in the world, rice, 
apart from being the staple food, is also a main source of 
protein (43).
A weighted average was prepared by giving the highest 
weight of 2 to head rice yield, a weight of 1.5 to color
value, and weights of unity to protein and texture values. 
The highest weight of 2 was given to head rice due to the 
fact that there is a considerable price difference between 
head rice and broken kernels(approximately $ 48.40/100 kg 
for whole kernel rice and $ 17.60/100 kg for broken kernel 
rice)(51). Although color is not directly reflected in the 
price, it is considered important for market decisions in 
the industry (52). Thus a weight factor of 1.5 was 
selected.Since a higher numerical value for color and 
texture would mean a lower quality, these measures were 
subtracted in computing the weighted average. After the 
weighted average figures were computed, the best value was 
taken as having a value of 100, and the worst as having a 
value of zero. All the values were then standardized on this 
scale of 0-100, giving a "percent overall index". A rank was 
then assigned to every treatment based on this scale, with 
the treatment having a percent overan index of 100 
receiving a rank of 1, and the treatment with the 0% overall 
index receiving a rank of 36. The computational details and 
a sample calculation are shown in Appendix B. The grain 
quality indices are illustrated in Table 10.
RESULTS AND DISCUSSION
Analysis of data
The results of this study are divided into the 
following categories:
(a) milling analysis
(b) color analysis
(c) bending tests
(d) texture tests
(e) protein analysis
(f) time based post-drying investigation
The results of the milling, color, bending, texture, and the 
protein analyses are shown in Table 2. The raw data for 
these characteristics are shown in Table ATI in Appendix A. 
The results of the time based post-drying investigation are 
shown in Table 3.
Analysis of results
The statistical analysis (randomized block design with 
factorial arrangement of treatments) for the data in this 
study is divided into the following categories:
(a) Analysis of variance (Table 4)
(b) Duncan's multiple range tests (Table 5)
(c) Correlations (Table 6a,6b)
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TABLE 3 RESULTS OF TIME BASED POST-DRYING INVESTIGATION
'J1
u
o
E
S
Peak force 
in bending, kg
Ultimate 
stress,
tensile
kg/cm1
Hardness
kg
value
z s:
H
E-1
•JT
E— P
-3T
P
0 .0 0 .9 0 9 • « * 0.757 0.757
9.0 5.253 2.673 630 .63 * 5.379 '*•347
1 5 .0 5 .369 3-712 504.81 360.83 7 .6 6 0 4.648
21.0 5.698 2.029 60 0 .2 2 193-29 8 .0 3 0 4.280
27.0 5.773 3.051 6 74 .39 281.37 8.485 4.545
33.0 5.898 4.222 6 8 6 .2 0 521.69 8 .3 2 4 5-284
1*5.0 5 .737 4 .566 452 .76 468.67 7.893 5-773
6 9 .0 6 .335 5-595 721 .39 529.91 9.063 7.841
93-0 5 .852 5-759 66 1 .08 504.39 10.625 8 .8 1 8
TM 1 to 4 refer to the tempering treatments 1 to I
* Data could not be obtain at these times due to the soft nature of 
the rice kernels.
TADI.E I* ANAI.ysiU OF VARIANCE FOR DEPENDENT VARIABI.ES
M E A N s  q  u A R E 3
Source Degree
of
freedom
Head rice 
yield
Peak force 
in
bending
Ultimate
tensile
stress
Total
color
difference
Protein
content
Peak in 
texture
Area in 
texture
1 . Ri.-ji 1 i culee rj 77-5139 i ,01366 2677.057 2.3097 0.03*1*1** 0.6827 615.785
2. T 2 3522.601.'* 5 6.6713** 9175**3.5*- 55.8932** 3-7253** 0.8038 1999. **59*
3 HI. 1209.U3l»» U.539',* 101.7 31.0* 7.1507** 0 .0010 1.6631 26b0 .263*
It. 'I'M 3 298.61*91.** 3-53**8 60635.52 20.2192** 0 .061.9 1.2221 2985.965*»
T'MI, U 35 3502 2.1.715 2 3965 • **2 1.01.17 0 .1.866** 0.7167 1159-379
t>. TM ’M 6 81.9691 5.7067-“ 79 30*1.55 * 7.3527** 0 .0939 1.7779 1.39.103
7. Ml.M M 6 15.33'*9 1.51.8*. 2031.1.71 3 1.6727 0 .1057* 0.2697 1297.621*
13. T*MLMM J2 65.0826 1 81.36 281.17-66 3,1606* 0.0662 0.8181 115*1.269*
T - Air temperature; Ml. - Final moisture level; TM - Tempering treatment; *» - p less than O.Ol;
, * - p less than 0 .0 5.
TABLE 5 SUMMARY OF MEANS (CUBAN'S MULTIPLE RANGE TESTS)
Head rice 
yield
Peak
force in 
bending
Ultimate
tensile
stress
Total
color
difference
Protein
content
Peak in 
tex ture
Area In 
texture
flr lr-’0temperature
20U
285
81.597 B 
89.891 A
70 .189 c
6 .3 3 3 c 
8 .7 3 6 A 
8.159 B
713.1 B 
1001.6 A 
975.8 A
1*1.039 B 
1*2.21*6 A 
39-751* C
7.8933 A
7.6130 B
7.2517 C
8.1278 A 
6 .0767 A
7.81*72 A
115.07 A 
105.79 BA
100.33 B
Final 11*
moisture
level
18
71*. 091 B 
8 2.30U A 
85.282 A
7.706 AB 
8.111*1* a 
7.1*070 B
9lU .1*7 AB
939-73 A 
836.27 B
1*0.51*9 B 
1*1.051 AB 
1*1.1*38 A
7 .5808 A 
7.591U A 
7.5858 A
8 .1681 A 
8.1125 A 
7-7711 A
111.62 A 
112.1*2 A 
97-15 B
Tempering 1 
treatments
3
1*
75.685 B 
83.11*1 A 
81 .960 A 
8l .1*51 A
8.0060 A 
8.0063 A 
7.3367 B 
7.51*15 AB
9U0.77 A 
913.27 AB 
829.80 B 
903.1*6 AB
!t0.29l* B 
1*2.259 A
1*0.889 B 
1*0.610 B
7.6096 A 
7.63A8 A 
7.52U A 
7-5785 A
8.2852 A 
7.9856 A 
7.7667 A 
8.0315 A
99.18 B 
107.23 B 
99.98 B 
121.88 A
Means with the same letter are not significantly different.
Probability level - 0.05
TABLE 6 a SUMMARY OF LINEAR CORRELATIONS
Head rice 
yield
Peak 
f orcein 
bending
Ultimate
tensile
stress
Total
color
dif Terence
Protei n 
content
Peak in 
texture
Area in 
texture
Head rice 
yield
1.0000 0.12631 -0.0159U 0.63198 0.3138 0 .Oil 561 0.09919
Peak force 
in bending
1.0000 0.85971 0.15039 -0.23678 0.11323 0.02219
Ultimate 
tensile 
stress
1.0000 0.01869 -0.25125 0.07952 0.011137
Total color 
difference
1.0000 0.33523 0.01665 0 .0158I1
Protein
content
1.0000 0.13165 0.25509
Peak in 
texture
1.0000 0.62363
Area in 
texture
1.0000
TABLE 6b SUMMARY OF LINEAR CORRELATIONS
ll°ad rice 
yield, %
Teak force 
in bending 
kg
Ultimate 
tensile stref 
kg/mn1
Total color 
38 diiference
Protein 
content, %
Peak in 
texture,kg
Area in 
texture
T -0.1)736 O .3768 0 .U203 -o.3i)53 -0.6950 -0.1265 -0.2037
ML O .3876 -0.0727 -O.lkll 0.1936 0.0055 -0.1715 -0.2069
TM 0.1529 -0.11)25 -0.0965
....._  .
-0.0253 -0.061U -0.1159 0.2382
T - temperature; ML - moisture level; TM - tempering treatments.
(a) Analysis of variance
The results of the analysis of variance for the seven 
measured characteristics are presented in Table 4. The four 
sources of variation considered in this study are:
(1) Replicates
(2) Drying air temperature T
(3) Moisture level to which the samples
were dried in the dryer ML
(4) Method of post-drying treatment
or tempering TM
The seven characteristics considered fcr this study are:
(1) Head rice yield
(2) Peak force in bending
(3) Ultimate tensile strength
(4) Total color difference
(5) Crude protein content
(6) Peak force in texture
(7) Area in texture
The four sources of variation in the experiment affected the 
seven characteristics in the following manner:
(1) Replicates
All the characteristics except the crude xotein content 
were unaffected by replication. The crude protein content 
was significantly affected (p<0.01) by replication.
(2) Drying air temperature (T)
Significantly associated with the drying air temperature 
were the head rice yield (p<0.01), the peak force in bending 
(p<0.01), the ultimate tensile stress (p<0.01), the crude 
protein content (p<0.01), and area in texture (p<0.05).
(3) Moisture level (ML)
Significantly associated with the moisture level were the 
head rice yield (p<0.01), the peak force in bending 
(p<0.05), the ultimate tensile stress (p<0.05), the total 
color difference (p<0.01), and the area in texture (p<0.05).
(4) Post-drying treatments or tempering treatments (TM)
The head rice yield, the total color difference, and the 
area in texture were all significantly associated (p<0.01) 
with the tempering treatments.
The bivariate interaction of temperature with moisture 
level was found to be significantly associated (p<0.01) with 
the protein values. The temperature-tempering method 
interaction was significantly associated with the peak force 
in bending (p<0.01), the ultimate tensile stress (p<0.05), 
and the total color difference (p<0.01), while the moisture 
level-tempering method interaction showed a significant 
association with the protein values (p<0.05), and the area 
in texture (p<0.05). The trivariate interaction of all the 
independent variables was found to significantly associate
7^
(p<0.05) with the total color difference and the area in 
texture. These interaction effects are shown in Table 4.
(b) Duncan's multiple range test for means
The results of the Duncan's multiple range test of 
means are shown in Table 5. The temperature of the drying 
air was found to significantly affect the head rice yield, 
peak force in bending, the ultimate tensile stress, the 
total color difference, the protein value and the area in 
texture.
The final moisture level was found to be significantly 
associated with (p<0.05) all the characteristics except the 
protein value and the peak force in texture.
The tempering treatments were found to significantly 
affect (p<0.05) the head rice yield, the peak force in 
bending, the ultimate tensile stress, the total color 
difference, and the area in texture.
(c) Correlations
Correlations using linear regression analysis were 
performed for the seven measured characteristics and are 
presented in Table 6a.
The head rice yield was found to be positively 
correlated to the total color difference. The positive 
correlation of the head rice yield with protein content was 
weak(0.314). The peak force in bending was positively 
correlated to the ultimate tensile stress and showed a
negative trend with respect to the protein content. The 
protein content was also found to show a negative trend with 
respect to the ultimate tensile stress of the rice kernels. 
The color difference of the samples showed a weak positive 
correlation with the protein content.
Correlation analysis was also performed for the three 
independent variables of air temperature, moisture level, 
and tempering treatment with the seven measured 
characteristics. These results are summarized in Table 6b. 
The drying air temperature was negatively correlated to the 
head rice yield, and the protein content, with a weak 
negative correlation to the total color difference. The air 
temperature also showed a positive correlation with the 
ultimate tensile stress of the rice kernels. The moisture 
level showed a weak positive correlation with the head rice 
yield. The correlation observed for the tempering method 
with the all the characteristics measured in the study were 
weak.
Discussion
Head rice yield
The drying air temperature, the moisture level to which 
the rice was dried and the type of tempering treatment have 
separately shown significant influence on the head rice 
yield of the samples (Table 4). However, since the bivariate 
and trivariate interactions of these independent variables 
did not show a significant contribution towards the change 
in head rice yield, the three independent variables by 
themselves have contributed to most of the changes in the 
head yield.
Observing the behavior of the head rice yield from 
Table 2, for any single tempering treatment, the variation 
of the drying air temperature has shown a peak for the head 
rice yield at the 93.3° C air temperature. This trend was 
shown for all moisture levels and all tempering treatments. 
These are illustrated in Figures 6,7,8,and 9. At the 93.3° C 
temperature, TM2 and TM4 showed the highest head yield. This 
trend was seen at all the moisture levels. In this context,
the highest head yield was at the 18% moisture level and the
• •
lowest at the 14% moisture level.
At all three air temperatures the head rice yield 
showed an almost linear increase from the 14% to the 18% 
moisture levels, and the pattern was sustained over all the 
tempering treatments as shown in Figures 10,11,and 12. This 
increase in the head rice yield was observed to be steeper
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for the 65.6° C air temperature treatment than those for the 
93.3° C or the 140° C temperature treatments. The head rice 
yield, was the highest at the 93.3° C treatment, and lowest 
at the 140° C treatment.
At this point it is useful to address the concept of 
tempering from the standpoint of its ultimate usefulness in 
providing better yields when the rice is finally milled. In 
the conventional sense of the usage of this term, it refers 
to a period of time between drying stages when the grains 
are allowed to equilibrate in terms of moisture. This allows 
the moisture within the rice kernel to travel outwards to 
the surface of the grains, thus enabling a faster drying in 
the next stage. Within the scope of this study, the term 
tempering is referred to in a broader sense, where not only 
moisture equilibration is assumed to take place, but also 
that this provides a suitable environment for relieving 
stresses developed in the grains in the drying stage. In the 
ideal case the tempering stage would provide an environment 
to completely relieve all forms of stress existing in the 
rice kernels after drying. This would of course result in 
minimal breakage in the milling stage. It is not known, 
however, as to what the actual form of the tempering 
treatment should be, and for how long this must be sustained 
to enable the realization of very high head rice yield. The 
time-based study, discussed later, provides some information 
in this regard. The tempering methods chosen for this study 
have been based on previous findings reported in the
literature. In this context, it is also relevant to state 
what types of stresses usually exist in grains after drying. 
Although the actual situation existing in the grain at the 
end of the drying period is complex as far as stress is 
concerned, it has been well documented in the literature 
that the exposure to a typical drying environment causes 
thermal and moisture stresses in the grains. Several workers 
have concluded that moisture stresses are more detrimental 
than thermal stresses with regard to breakage of rice in the 
milling process (26,35,41). Conditions such as the 
temperature and relative humidity of the drying environment 
only determine the magnitude of the moisture gradient 
produced within the grain kernels.
As mentioned earlier, the highest head rice yield was 
recorded at the 9 3.3°C temperature for TM2. Recalling that 
in TM2, the grains were quickly sealed in metal canisters 
(previously conditioned to 93.3°C) and transferred to an 
air oven set at 93.3° C, and after 2 hours transferred again 
to an insulated container for 24 hours, it could be seen 
that TM2 provides the best (among the four tempering 
treatments) environment for relieving stresses in the rice 
kernels. This effect has been reflected in the high 
percentages of head rice yield obtained from this treatment 
combination.
It was also seen that within the above group of 93.3° C 
air temperature and TM2, the head rice yield drops from 
95. 35% for the 18% moisture level to 91.25% for the 14%
moisture level treatment (Table 2 and Figure 11). This trend 
was common to all temperature groups as shown in Figures 
10,11 and 12. This difference could be caused by several 
different factors. First it could be seen that the grains 
dried to 14% have had the longest exposure to the drying 
environment in all the air temperature groups. For the 
grains under this longer exposure to the drying environment 
the moisture gradients and hence the moisture stresses would 
be higher than the 18% moisture level group at any air 
temperature treatment. Thus under any tempering treatment, 
rice grains in the 14% moisture level treatment would tend 
to be weaker, provided that all residual stresses are not 
removed at the time of milling. If the tempering treatments 
were ideal, then the effect of moisture level treatments 
would not be reflected in the decrease in head rice yield 
because all residual stresses would be absent and any 
differences in head yield would be due to other factors. 
However, in this study, it was seen that tempering 
treatments TM2, TM3, and TM4 as a group showed a significant 
improvement in head rice yield when compared to TM1 where 
the rice, was merely exposed to the room conditions after 
drying. Differences in head rice yield still persisted for 
the 14,16, and 18% moisture .level treatments. Summarizing 
these results it can be stated that:
(a) The 14% treatment grains enter the tempering stage 
under a higher state of stress than the 18% 
treatment groups.
(b) Even after the tempering treatments, followed by
an equilibration at room conditions prior to the
milling stage, the stresses remained.
The fact that the stresses were not completely relieved at
the time of milling appears to be supported by the
comparison of the strength data (peak force required to
cause failure in bending, and the ultimate tensile stress)
for TM1 and TM4 at the 14% moisture level at 93.3°C air
temperature (Table 2), with those recorded for the
time-based study under similar treatments (Table 3). At 93
hours after completion of drying the peak force required to
cause failure under TM1 and TM4 were 5.85 and 5.74 kg
respectively, whereas the samples that underwent the same
treatment showed 8.42 and 8.17 kg respectively after several
weeks. This trend was also seen for the ultimate tensile
2
stress which increased from 661.08 and 504.39 kg/cm to
2
923.93 and 902.06 kg/cm respectively.
Drying the grains to 14% at 93.3°C produced a head rice 
yield of 91.25% for TM2. Which was an increase of 10% over 
TM1. Under the 93.3°C drying treatment, TM4 showed head rice 
yields similar to those under TM2. This trend was true for 
the 18 and 16% moisture levels at the 140°C treatment and 
for the 18% moisture level at the 65.6°C treatment. This 
indicates that on an industrial scale, to achieve these head 
yield improvements, transferring the dried rice to an 
insulated bin would be more economical than maintaining the 
rice at a temperature approaching that of the drying air.
At this point it would be appropriate to address the 
trend which was seen to occur to varying degrees, but more 
importantly, sustained over all the treatments. This was the 
peaking effect of the head rice yield at the 9 3.3 °C 
temperature (Figures 6,7,8,and 9). Keeping in mind that 
moisture and heat must be simultaneously present to bring 
about good parboiling results, this trend has most likely 
been caused by the fact that exposure to the drying air at 
93.3°C has in effect extended the steam-heat treatment 
stage. This temperature was the closest of the three used 
for the experiment to the typical steaming temperature. This 
appears to serve as an extension of the parboiling stage, 
bringing about the improvement in. the head rice yield 
(increased steaming time in general produces an increase in 
head yield, the upper limit to this being darker color and 
deformity of the grains). The grains may have been 
insufficiently heated in the 65.6°C treatment to cause the 
above mentioned effect resulting in lower head yields. In 
this regard, similar behavior has been reported for raw rice 
by Ban(5), and Stipe, Wratten and Miller (49), where an 
increase in head rice yield due to 'parboiling' effect or 
gelatinization of the surface of the grains was seen. 
Bhattacharya and Subba Rao (7), and Rao et al., (43) 
reported that the effect of the heat treatment increased the 
head rice yield in parboiled rice. However at the highest 
temperature of 140°C, the rate of loss of moisture was more 
rapid (Table 1). Therefore, the extended heat treatment was
not as long as for the 9 3.3°C treatment thus accounting for 
the fact that the head rice yields were lower than those at 
the 9 3.3°C treatment.
The importance of tempering can be clearly seen when 
the improvements in head rice yields were reviewed with 
respect to the tempering treatments, as shown in Table 7. 
The increase in head yield due to any form of tempering 
other than mere exposure to the room conditions (as in TM1)
is 7.94% at the 140°C treatment, 7.87% at the 93.3°C
treatment, and 5.7% at the 65.6°C treatment (these are
figures averaged over the moisture levels). These benefits 
are higher at the higher drying temperatures. The 
improvements in head rice yield at the highest temperature 
treatment are similar at all the moisture levels (Table 7). 
This trend indicates that it is possible to effect 
improvements in head rice yield while still drying the 
parboiled rice down to near storage levels of moisture if a 
suitable form of tempering is utilized. However, it must be 
noted, that overall, the highest air temperature (140°C) 
treatment did not realize the highest head rice yields 
within the scope of this study.
Color
The total color difference of the samples was shown to 
be significantly associated (pCO.Ol) with the drying air
temperature, level of moisture, and tempering treatments 
(Table 4). Analysis also showed that the interaction of the
TABLE 7 INCREASE IN HEAD RICE YIELD DUE TO TEMPERING
Drying air 
temperature, C
Moisture level 
at end of 
drying, %
Average head yield from 
TM 2 ,3 & i* less head 
yield from T M 1
lLO 18 7.77
16 8 .0L
1L 8 .0 0
93-3 18 2 .8 8
16 11 .03
lit 9-69
6 5 .6 18 5-75
16 6.09
14 5 .2 6
T M 1 to 1* refer to the tempering treatments 1 to U
drying air temperature and the tempering proved to be
significant, indicating that the drying air temperature or
the tempering treatments themselves did not account for all
the changes in the total color difference of the samples. In
this regard a table of means was prepared (Table 8a).
Examination of this table and Figure 13 shows that one could
only discuss the general trend in this situation.
Under TM1 and TM4 the total color difference of the
rice samples in general showed a peak at the 93.3°C
treatment for all three levels of moisture (Figures 14 and
17). In the case of TM2 and TM3 the above behavior was not
marked (Figures 15 and 16). The exceptions were the 18%
moisture level treatment under TM2 and the 16% moisture
level treatment under TM3. The highest air temperature of
140°C appears to show the lowest color value for TM1 and TM4
for all the moisture levels, at the 14% moisture level under
TM2, and 16 and 14% moisture levels for TM3.
The trend shown in this study for the variation of
color difference has been a high value at the 93.3°C
treatment, and the lowest value for the 140 C treatment
(Table 8a). The most plausible explanation here is the
enhancement of the parboiling treatment as discussed
earlier. The increase of the steaming treatment has been
found to cause an increase of color difference in parboiled
rice as reported by Rao et al.,(43) and Roberts et al.,(45).
For any increase of color difference, it has been reported
that moisture and heat must both be present at the same
TABLE 8a TABLE OF MEANS FOR TOTAL COLOR DIFFERENCE
Drying air 
temperature
Total color difference
TM 1 TM 2 TM 3 TM 4
T 1 (65.6°C) 41.26 41.47 40.79 40.63
T 2 (93-3°C) 41.90 43.63 41.50 41.94
T 3 (140°C) 37.71 41.68 40.37 39.25
TM 1 to 1* refer to the tempering treatments 1 to 4
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time. Once these two requirements are satisfied, time would 
be an additional factor in increasing the color difference 
of parboiled rice. The rapid rate of moisture removal at the 
140°C air temperature (Table 1), appears to prevent any 
excess increase of color in this study. Insufficient heating 
at 65.6°C in comparison to that at 93.3°C appears to be the 
cause of the color values being, in general, lower than 
those at the 9 3.3°C air temperature treatment.
Considering the line plot (Figure 13) illustrating the 
interaction of the air temperature and the tempering 
treatments, it could be seen that TM2 and TM4 show a similar
behavior. The slow dissipation of the heat from the grain
mass in both these tempering treatments could be the
distinguishing feature when compared to the tempering
treatments TM1 and TM3 where the grain mass cooled rapidly. 
Slow dissipation caused a higher color value as seen in 
Figure 13. TM2 produced the higher color value in comparison 
to TM4. This was due to the fact that the grains were placed 
in a hot environment in the oven for a period of 2 hours 
after drying.
Another influence on the color values could be the 
small variation of the degree of milling. Although the 
samples were subjected to identical shelling and bran 
removal operations, the treatment combinations could have 
changed the grain surface characteristics such as ability to 
resist scratching. This resulted in differences in the 
degree of bran removal. This would of course be reflected as
a difference in the color of the rice.
Analysis of variance showed a significant association 
(p<0.01) between moisture levels and color of the milled 
rice. Examination of the color values within any particular 
air temperature group did not show any conclusive results. 
However, the overall trend indicates that when the data were 
averaged over the tempering treatments a definite pattern 
was seen (Table 8b). This table illustrates that color of 
the milled rice decreases from the 18% moisture level to the 
14% moisture level. This could be explained by the fact that 
at the end of the exposure to the drying environment, those 
samples at 18% are at a higher moisture content and require 
a longer period of moisture equilibration than the samples 
at the 14% moisture level. The longer period of moisture 
equilibration could be the influencing factor in increasing 
the color of the samples.
Crude protein content
Based on some earlier findings of Juliano as cited by 
Goodman(17), it was expected that a correlation could exist 
between the protein content and strength properties. Crude 
protein content was determined to relate to the drying and 
tempering treatments.
Statistical analysis of the protein content of the 
samples in this study showed a significant association with 
the drying air temperature. However the temperature and 
moisture level interaction also showed a significant
TABLE 8b TABLE OF MEANS FOR TOTAL COLOR DIFFERENCE
Drying air 
temperature
Moisture levels
18% 16% 14%
65.6°C 41.23 41.05 40.83
93-3°C 42.55 ^2-33 41.85
l4o°C 40.52 39-77 38.97
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contribution, indicating that not all of the variation of 
the protein value was due to the drying air temperature 
changes. To further investigate this, a table of means was 
prepared for the protein values averaged over tempering 
treatments (Table 9). This table illustrates the decreasing 
trend of the protein values within the 65.6°C and the 140°C 
air temperature groups as the moisture level decreased. 
However this trend was not sustained over the 93.3°C 
treatment.
The measurement technique (Kjeldhal procedure) employed 
for the evaluation of crude protein estimated the total 
nitrogen in the samples. It is conceivable that even if a 
portion of the total protein content underwent some changes 
due to the treatments the measurement technique would not 
have shown this change. Also the differences in the protein 
values as seen in Table 9 are of the order of 0.5% or less.
This information points to the fact that the differences in 
the protein values seen in this study are caused most likely 
by the differences in the degree of milling. Since a 
significant proportion of the protein content in a rice 
kernel is located in the bran layer, differences in bran 
removal are bound to be reflected in the total protein 
content of a sample of rice. The reasons for the differences 
in the degree of milling were discussed earlier.
Texture
The texture analysis in this study was conducted using
TABLE 9 TABLE OF MEANS FOR PROTEIN VALUES (%)
Drying air 
temperature
ML 1(14%) ML 2(16%) ML 3(14%)
T 1 (65.6°C) 7-92 7.88 7.87
T 2 (93.3°C) 7.LO 7.60 7.83
T 3 (l40°C) 7. 42 7.27 7.05
ML 1 to 3 refer to the moisture levels to which the rice was 
dried in the dryer.
the compressive-shear force test cell. The peak force and 
the area under the curve obtained on the chart recorder were 
the characteristics measured on the cooked rice samples. 
There were no differences in the water uptake while cooking 
in this study. The 'area' in this test/ which corresponds to 
a work function (after suitable conversion by a conversion 
factor), relates to the work expended by the chewing action 
of an individual when consuming parboiled rice. A more 
severe treatment in the parboiling stage is generally 
reflected by a more rubbery form of the cooked rice 
reflecting a higher 'area' value. Thus the texture 
parameters in this study would serve to indicate the 
mildness or severity of the treatments.
Statistical analysis of the texture data did not show 
any significant association of the peak compressive shear 
force with any of the independent parameters/ while the 
'area' measure in the texture analysis showed a significant 
association with tempering treatments (p<0.01), and the 
temperature and moisture levels (p<0.05). However, the 
bivariate interaction of the moisture level and tempering 
treatments, and the trivariate interaction of all three 
independent variables were also found to be significantly 
associated with the area measure in the texture analysis. In 
this regard therefore the general trend and their 
implications could be discussed.
In a plot of the area in texture versus the moisture 
level for the different tempering treatments (Figure 18), it
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can be seen that there are differences due to the tempering 
treatments. TM2, TM3, and TM4 followed one trend and TM1 
followed another. Recalling that TM1 and TM3 provided the 
most rapid cooling of the rice samples after the drying 
stage, it appears that the cause of the lower values of the 
area in texture for TM1 and TM3 in comparison to those for 
TM2 and TM4 was the rate of cooling of the rice.
Strength characteristics
Strength characteristics of the rice kernel are those 
encountered during rice milling. Characteristics such as the 
tensile stress, compressive stress, and hardness are usually 
measured to relate the ability of a particular lot of rice 
to resist the shelling or milling forces. These are viewed 
of course from the point of better rice yields.
A review of previous work indicated that there are
difficulties in conducting the regular tensile and 
compressive tests on rice kernels. In both these tests the
rice grain had to be prepared by flattening the two ends by
grinding them so that these surfaces were perpendicular to 
the long axis of the grain. In the case of the tensile tests 
the ends of the grain were also required to be clamped. For 
this study therefore the peak force and the ultimate tensile 
stress in the bending mode as described under the equipment 
and procedure, were used.
The peak force required to fracture a simply supported 
rice kernel, and the ultimate tensile stress under the
conditions of bending were two of the characteristics that 
were measured on the treated samples. It could be seen from 
Table 4 that the peak force and the ultimate tensile stress 
of the treated rice samples have both been significantly 
associated with the drying air temperature (p<0.01). These 
two characteristics were also significantly affected 
(p<0.05) by the moisture level. Although the tempering 
treatments were significantly associated with the peak force 
and the ultimate tensile stress, the interaction of the air 
temperature and the tempering treatments was found to be 
significantly associated with the peak force (p<0.01), and 
the ultimate tensile stress (p<0.05). An observation of the 
means in Table 10a for the peak force and ultimate tensile 
stress values shows that the highest peak force and the 
highest ultimate tensile stress values were recorded at the 
93.3°C air temperature and TM2. An average over all 
tempering treatments shows that the highest peak force, and 
the highest ultimate tensile stress were also recorded at 
the 93.3°C air temperature.
This lends support in favor of the concept of an 
enhancement of the parboiling treatment resulting in the 
increase of strength properties of the grains. Plots of the 
peak force in bending and ultimate tensile stress versus the 
air temperature (Figures 19 through 26) indicate, in 
general, the peaking effect at the 93.3°C temperature 
treatment. The exceptions to this trend were the 18% 
moisture level for TM1, the 16% moisture level for TM4 for
TABLE 10 a TABLE OF MEANS FOR PEAK FORCE AND ULTIMATE TENSILE STRESS 
(means are averaged over moisture levels)
Air
temperature
°C
Tempering
treatment
Peak force 
in bending,kg
Average
Ultimate
tensile stress,
kg/cmJ Average
1 7-71 870.90
2 6.29 572.50
6 5 .6
3 L .98 6 ' 33
1 10 688.07 5kh.k2
6 .3 0 j6k.kS
1 8.3^ 950.16
2 9 ’1*2 8.73 U 0 0 -li0 1001.55
93-3
3 8 .9 6 993-71
k 8 .2 1 961.93:
1 7.92 1001.23
2 8 -53 8.15 96 6 .8 9 9 7 5.8L
lLO.O
3 8 .0 6 951.27
1 8 .1 1 983.96
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Figure 21. PEAK FORCE IN BENDING VS AIR TEMPERATURE, Tempering treatment TM3
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Figure 23. ULTIMATE TENSILE STRESS VS AIR TEMPERATURE, Tempering treatment TM1
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Figure 26. ULTIMATE TENSILE STRESS VS AIR TEMPERATURE, Tempering treatment TM4
the peak force in bending, and the 14 and 18% moisture 
levels for TM1, and the 14% moisture level for TM4 for the 
ultimate tensile stress. The line plots (Figure 27 and 28), 
illustrating the interaction of the air temperature with the 
tempering treatments indicate an approximately flat curve 
for TM1 in comparison to the TM2, TM3, and TM4 curves, for 
the peak force and ultimate tensile stress. Rapid cooling in
the open immediately after drying was the main feature of
TM1. At the 65.6°C temperature treatment TM1 produces a
higher value than other tempering treatments in terms of the 
peak force and the ultimate tensile stress. At 93.3°C TM1 
produced the lowest value of ultimate tensile stress in
bending and nearly the lowest value for the peak force in 
bending. TM2 exhibits the best strength properties at the 
93.3°C temperature treatment. This is due to the fact that 
the stress caused by the thermal and moisture gradients 
seems to be relieved at the lowest rate in comparison to all 
the other tempering treatments. This trend is not sustained 
over the other temperature levels perhaps due to the fact 
that at the 9 3.3°C treatment the rice kernels were stronger 
and have realized the the maximum benefit of TM2.
Observing the variations of the peak force and ultimate 
tensile stress in bending with respect to the three moisture 
levels the 16% moisture level indicated the highest values 
for both the peak force and the ultimate tensile stress with 
the exception of the ultimate tensile stress under the 140°C 
treatment (Table 10b). The ultimate tensile stress values
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TABLE 10b TABLE OF MEANS FCR PEAK FORCE AND ULTIMATE TENSILE STRESS 
(means are averaged over tempering treatments)
Air
temperature
°C
ML Peak force 
kg
Ultimate tensile 
stress kg/cm
18% 5-55 6IO.36
6 5 .6 16% 7-39 81 1 .2 2
lh% 6 .i*t 753.78
18% 8 .6 9 978.71
93-3
16% 8 .8 3 101*2.99
H*% 8 .6 8 982.97
18% 8 .1 1 929.87
lLO.O 16% 8.39 991.25
li*% 8 .2 3 1061.79
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were foun to increase from the 18% moisture level to the 
14% moisture level treatment within the 140°C group. It is 
possible that at the 16% moisture level, a transition most 
likely in terms of the starch characteristics may be taking 
place (44). Further investigations would prove valuable in 
this area.
Time-based study of strength properties
A study of the variation of the rice kernel strength 
properties such as the peak bending force, the ultimate 
tensile stress, and kernel hardness with time was performed 
on a sample dried to the 14% moisture level at the 93.3°C 
air temperature. The tempering treatments that were utilized 
were TM1 and TM4.
The temperature of 9 3.3°C was selected as it showed the 
most promise from the point of head rice yield as seen from 
the main study. Of the four tempering treatments, TM1 and 
TM4 were selected due to the fact that TM1 was the worst (in 
terms of head rice yield), and TM4 was the closest to TM2 
which produced the best results for head yield, besides 
being more practical for the industry. The selection of the 
14% moisture level was based upon the consideration that the 
grains were exposed the longest to the drying environment 
and was the most detrimental treatment in terms of head rice 
yield.
The formation of fissures was observed and the results 
(Table 3) indicated no fissured kernels immediately after
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the drying step or thereafter for the next 93 hours. It can 
be seen that for TM1 the head rice yield was the lowest in 
every group (Table 2). It can be concluded from this study 
that visible fissures do not contribute to the breakage in 
the subsequent milling stage of parboiled rice.
The concept of hardness, the compressive deformation 
of a rice kernel to its yield point, was computed as the 
average of the yield point value obtained from the load 
deformation curves (Figure 29b) for several grains from a 
sample. From a time based plot of hardness (Figure 29a) it 
could be seen that for TM4, there was a steady linear 
increase in the hardness after a period of 50 hours.
It was observed that the load deformation curves were 
less steep (in comparison to those after 33 hours) at the 
end of the drying stage due to the fact that the grains were 
still plastic. At the end of 9 hours, the hardness value had 
increased from under 1 kg to over 5 kg. The values for TM4 
lagged behind those of TM1. At the end of 33 hours, the 
hardness values steadily increased with the deformation 
curves being more steep. It was noted that the grains from 
TM4 showed a very linear portion (as compared to TM1) upto 
the yield point in the load deformation curve. Variation in 
hardness value within a group of six kernels on which the 
test was performed was larger in the case of TM1 than for 
TM4, indicating more uniformity in the TM4 kernels.
It is worth noting that the TM1 curve in Figure 29a, 
indicates a more rapid rise than the TM4 curve upto
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approximately 50 hours. The main reason for this occurrence 
is that under TM1 the grains were exposed to the room 
conditions immediately after the drying was completed, while 
the grains were kept in an insulated container for 24 hours 
for TM4. This resulted in a more rapid increase of hardness 
for the rice kernels under TM1 due to the more rapid 
moisture equilibration. Beyond approximately 50 hours, both 
treatments show a linear trend. An investigation extending 
to several weeks would prove useful in this case.
The steady increase of the peak force in bending and 
the ultimate tensile stress with respect to time are shown 
in Figures 30 and 31. It is of interest to note that, as 
discussed earlier (Table 2 and 3), comparison of data for 
the peak force and the ultimate tensile stress in bending 
showed that these two characteristics continued to steadily 
increase even after several weeks. This indicates a need to 
delay the milling of parboiled rice for at least three to 
four weeks (15).
Grain quality index
The grain quality indices were computed and are 
illustrated in Table 11. The main purpose of this exercise 
was to rank the treatment combinations on some rational 
basis. Some of the considerations in the development of the 
index have been stated previously in the section on 
procedure. Extending further this reasoning, it is relevant 
to state that all criteria that are pertinent from a
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consumer's or producer's standpoint are not included in this 
index. Evaluation of all cooking characteristics as an 
example would entail several techniques and procedures as 
well as taste panel evaluations. Keeping the main objective 
of the study of the drying, and tempering treatments, the 
grain quality index has been restricted to those presented 
in Table 11. The weighting factors were chosen to reflect 
the value of the final product as seen from the quality 
standards view point for the head rice and color, whereas no 
basis was available for the protein and texture values. In 
the case of color the designations for parboiled rice under 
the U.S. rice standard grades are only descriptive rather 
than numerical. The designations in this case are 'Parboiled 
light', 'Parboiled', and 'Parboiled dark' and these are 
stated to be required to be in accordance with 'interpretive 
line samples' for parboiled rice. However, as previously 
mentioned, color is an important consideration in the market 
place, and has a bearing on rice quality decisions between a 
supplier and a customer (50).
Based on the above considerations, Table 11 shows the 
ranks. It is worth noting that the first five positions have 
all come from treatment combinations that were at the 93.3°C 
or the 65.6°C air temperature with ranks 1,3,and 4 in the 
93.3°C temperature group and involved some form of tempering 
indicating the usefulness of the tempering process. Ranks 1, 
2, and 5 were from treatments involving TM2 where rapid 
cooling was not permitted, whereas ranks 3 and 4 were from
treatment combinations that involved TM3, where the grains 
were sealed in aluminum sachets. Appendix B illustrates a 
sample calculation of the grain quality indices. From the 
ranks illustrated in Table 11, 'average' ranks were computed 
for the moisture and temperature groups. These (Table DTI, 
Appendix D) illustrate the suitability of the 93.3°C 
treatment in conjunction with TM2.
The sensitivity of the ranks to the weight factors was 
also tested by assigning equal ranks of unity to all the 
characteristics. The overall trend remained the same, and is 
illustrated in Table DT2 in Appendix D.
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
SUMMARY
Medium grain, Saturn variety rice was obtained from 
Crowley, Louisiana and parboiled under controlled 
conditions. The effects of three variables (with three 
replicates), namely,
Air temperature 3 levels
Moisture levels 3 levels
Tempering treatments 4 levels
on seven characteristics provided data relating to:
Head rice yield 
Total color difference 
Peak force in bending 
Ultimate tensile stress 
Protein content 
Peak in texture 
Area in texture
One hundred and eight 160 gm samples (36 treatments, 3 
replicates) were parboiled under constant conditions, dried, 
and tempered under the levels TM1 through TM4. The dried 
samples were milled in the laboratory using standard 
equipment and procedures. The milled rice was hand separated 
into broken and unbroken kernels. The tests to evaluate the 
characteristics stated above were all performed on the
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unbroken kernel fraction of the samples.
Each of the seven characteristics measured were 
evaluated according to a factorial arrangement of treatments 
in a randomized block design with three replicates. The data 
for each variable were subjected to a standard analysis of 
variance.
A time based study was also performed to evaluate the 
strength characteristics of the same rice subjected to the 
same parboiling treatment as in the main experiment. These 
tests were performed the 9 3.3°C air temperature treatment, 
dried to the 14% moisture level and subjected to the
tempering treatments TM1 and TM4.
Conclusions
Head rice yield
At any single tempering treatment, the 93.3°C air
temperature treatment showed the highest head rice yield. 
This trend was sustained over all the levels of moisture and 
was attributed to the enhancement of the parboiling
treatment at this temperature. At all moisture levels,
tempering treatments TM2 and TM4 produced the highest head 
rice yield at the 93.3°C drying air temperature.
The highest head rice yield recorded was 95.35% and 
occurred for the 93.3°C air temperature-18% moisture
level-TM2 treatment. The lowest recorded was 59.88% and
occurred at the 140°C air temperature-14% moisture level-TMl
treatment.
The duration of exposure to the drying environment 
affected the head rice yield in a linear fashion, increasing 
from the 14% moisture level to the 18% moisture level. This 
trend was seen at all tempering treatments, and was found to 
be steeper at the lowest air drying temperature. The higher 
moisture gradient and hence the higher stress of the grains, 
coupled with the fact that all residual stresses appeared 
not to be removed, were attributed to the lower head yield 
at the 14% moisture level treatment.
The tempering treatment TM2 was found to be the most 
beneficial in terms of head rice yield due most likely to 
the fact that this treatment provided the best environment 
for relieving the moisture and thermal stress in the rice 
kernels.
Data on the kernel strength properties for a period of 
93 hours after drying, in comparison to data for similar 
treatment combinations obtained after several weeks 
indicates that although moisture equilibration was nearly 
completed, the residual stresses were not totally removed. 
This was seen as a reflection on the head rice yield 
differences shown for samples that had different 
temperature-moisture level treatments.
The importance of a tempering treatment, other than 
mere exposure to the room conditions was seen as 
improvements of nearly 8.0% in head rice yield. These 
benefits were higher at the higher drying air temperatures.
At the 140°C air temperature, the benefits of tempering were 
similar at the 18%, 16%, and 14% moisture levels, indicating 
that parboiled rice could be dried in one step to storage 
moisture levels if a suitable tempering treatment was given. 
However, within the scope of this study, the above air 
temperature treatment did not produce the highest head rice 
yield.
The 93.3°C air temperature and tempering treatment TM2 
were the most suitable for optimum head yields.
Total color difference
The highest color value was recorded for treatments 
involving the 93.3°C air temperature, and the lowest color 
value at the highest air temperature of 140°C. It is 
concluded that the 93.3°C air temperature, in conjunction 
with the high moisture levels of the steamed rice, provided 
the suitable conditions to enhance the 'parboiling' effect 
thereby increasing the color of the final product. This 
effect was believed to be minimum at the highest air 
temperature as the rate of loss of moisture was high.
Tempering treatments TM2 and TM4 which entailed a very 
slow cooling of the dried rice exhibited similar behavior in 
terms of the color values. These two treatments showed 
higher color values than tempering treatments TM1 and TM3, 
where the grains cooled more rapidly. Slow dissipation of 
heat in tempering treatments TM2 and TM4 were believed to 
cause the higher color values.
The color of the milled rice was found to decrease from 
the 18% to the 14% moisture level treatments. The longer 
period of moisture equilibration under the 18% moisture 
level treatments were associated with higher color values in 
these treatments.
The minor differences in bran removal (degree of 
milling) caused by treatment differences, that could have 
affected the color of the rice were not ruled out.
Protein value
Protein value of the milled samples, although existing 
in a very narrow range, were shown as significantly 
associated with the air temperatures. The absolute amount of 
change in these values were believed to be minor to be 
attributed to temperature, and were attributed to the 
indirect influence of the temperature by the differences in 
the milling degree (since the protein value was measured on 
milled rice).
Texture analysis
The results from this analysis were inconclusive, 
except for the general trend where tempering treatments TM1 
and TM3 showed much lower values in the texture 'area' 
measure (a desirable quality) in comparison to tempering 
treatments TM2 and TM4 where heat dissipation was much 
slower. Thus this slower dissipation of heat was associated 
with a greater texture 'area' measure.
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Strength properties
The ultimate tensile stress, and the peak force 
required to cause failure in bending of a simply supported 
kernel of rice showed high values at the 93.3°C air 
temperature and tempering treatment TM2. The parboiling 
effect was enhanced at the above temperature coupled with 
the fact that TM2 provided the best environment for the 
relieving of stresses were believed to be the causes of the 
higher strength properties under these conditions of 
treatment.
Time based study of strength properties
Fissures were not observed for any rice kernels during 
a 93 hour period after drying to 14% moisture at 93.3°C air 
temperature. This was observed in tempering treatments TM1 
and TM4. It was concluded that visible fissures in parboiled 
rice would not provide any trend regarding subsequent 
breakage in the milling process.
The kernel hardness was found to increase linearly with 
time in the case of both tempering treatments TM1 and TM4 
after a period of approximately 50 hours.The variation 
within a group of kernels tested was higher under the TM1 
group, indicating higher uniformity of the TM4 rice kernels.
Examination and comparison of data on peak force in 
bending and ultimate tensile stress obtained from the time 
based study with data from the main experiment appeared to
indicate that a delay of at least three to four weeks prior 
to milling seem appropriate for parboiled rice within the 
scope of the study.
Grain quality index
The development of the grain quality index illustrated 
that the first five ranks were from groups of treatments 
that belonged to the 9 3.3°C or the 65.6°C air temperature 
and involved some form of tempering other than TM1. The 
93.3°C air temperature and TM2 were the most suitable 
treatment combination for optimum head yield and color.
Recommendations
Based on the findings of this study the following are 
recommended:
(1) Temperatures of the drying air in the range of 
150°C to 250°C with exposure of parboiled rice resulting in 
moisture levels (at the end of a single drying stage) in the 
range of 14% to 24% (w.b.) should be investigated.
(2) A procedure to evaluate the changes in the degree 
of milling brought upon by the drying and tempering 
treatments when the rice is subjected to the same milling 
conditions should be explored. This would serve to better 
interpret results pertaining to color and protein value.
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(3) The influence of drying air temperature on the 
different protein forms in rice should be evaluated.
(4) A time based study of kernel strength properties on 
the shelled brown rice after drying and tempering treatments 
should be conducted over several weeks to provide 
information to benefit the industry.
(5) The starch characteristics of the rice samples from 
the present study should be evaluated to better understand 
the transition pattern as reported for the strength 
properties at the 16% moisture level.
(6) Pilot studies on an industrial scale should be 
carried out to examine the benefits of the use of 93.3°C (in 
comparison to the higher air temperatures presently used in 
the industry) and TM2. These benefits should be explored 
from the view point of heat energy savings and head rice 
yield improvements.
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APPENDIX A
This appendix contains the raw data from the main experiment
Ikk
TABLE ATI RAW DATA FOR MAIN EXPERIMENT
c
o
>u
a)
z
o R
e
p
li
c
a
te
A
ir
 
te
m
p
e
ra
tu
re
M
oi
st
ur
e 
le
v
e
l
T
em
pe
ri
ng
 
tr
e
a
tm
e
n
t
H
ea
d 
ri
ce
 
y
ie
ld
 
{%
)
■
Pe
ak
 
fo
rc
e 
in
 
be
nd
in
g 
(k
g
)
U
lt
im
at
e 
te
n
s
il
e
 
st
re
ss
 
(K
g/
cm
a
)
T
ot
al
 
c
o
lo
r 
d
if
fe
re
n
c
e
P
ro
te
in
 
va
lu
e 
(%
)
Pe
ak
 
In 
te
x
tu
re
 
(*
g
)
A
re
a 
In
 
te
x
tu
re
I 1 160 1 8 1 8 4 *22 0 , 6 1 94 0.47 41 . 8 ? 7 . 5 9 0 8 . 6 0 1 2 3 . 02 t t 50 1 0 2 9 1 . 1 4 5 , r ^ 503.04 « ?  . 2 ? 0 .  1 60 ft .  PO 7 6 .  03 t I 5 0 1 0 3 9 0 .  01 5 .  83 6 4 6 . 1 6 3 9 . 9 7 7 . 9 9 0 7 . 8 0 0 7 .  76 1 1 50 1 8 4 8 9 . 1 2 ft . 0 7 7 3 2 . 0 0 4 1 . 3 6 8 .  1 6 0 0 . 2 0 02 .  05 1 1 5 0 1 6 1 7 7 . 6 2 ’ . 0 ? 7 ? 4 . 6 7 4 0 . 4  Q 7 . 9 0 0 9 . 7 0 161 . 06 I I 50 1 6 2 8 6 . 6 5 0 . 2 7 96  1 .  Oft 4 2 . 0 9 7 .  6 ’ 0 0 . 7 0 1 1 5 . 07 ! 1 50 1 6 3 P C . 31 ft . 2 7 6 0 3 . 7 6 4 0  .Pf l 7 . 0  10 8 .  70 1 3 4 .  76 1 1 50 1 6 4 8 4 . 0 4 7 .  P -* 0 5 3 .  71 41 , ? 4 8 . 6 * 0 7 . 1 0 | 4 C . 5
9 1 1 50 1 4 1 6 4  . 5 6 0 .0  ? 0 3 0  . ? 3 4 | . 0 9 7 , 0 1 0 0 .  70 9 8 . 010 1 1 5 0 1 4 2 8f t .  1 0 7 , 0 0 PO? . 3 6 4 1 . 3 1 0 . 1 6 0 B.  30 1 3 5 . 51 I 1 150 1 4 3 7 3 . 5 1 3 . 0 0 4 0 4 .  1 1 4 1 . 6 1 7 .  9 9 0 7 . 0 5 1 2 9 . C1 ?. 1 150 ! 4 4 f t p .  28 4 . 7 0 5 3 0 . 0 0 3 9 . 0 2 7 . OQ 0 8 . 0 0 1 1 6 . 31 3 1 TOO 1 8 1 0 3 . 4 5 6 , 2 ? 6 6 1 . 4 6 4 4 . 7 4 7 . 9 9 0 7 . 8 0 0 4 . 3I 4 1 2 0 0 1 8 2 9< • rn 1 0 . 0 6 1 4 3 6 . 0 0 44 . 7 6 0 .  160 8 .  tft 7 8 .  01 5 1 2 0 0 1 8 3 9 3 .  63 9 .  ftft 1 0 2 7 . 0 0 4 7 . 3 6 7 . 4 0 0 P . 20 10 3 . 31 6 1 2 C 0 1 8 4 9 5 . 0  1 7 . 5  7 7 6 0  . 0 2 4 1 . 2 6 - ' . 4 0 0 9 . 6 0 1 6 6 .  ?I 7 1 2 0 0 1 6 I 9 ? .  43 O. 2 3 9 6 6 . 7 0 4 0 . 6 9 7 . 4 9 0 8 . 4 0 RP. O
1 8 I 200 I 6 2 0 6 . 0 0 10 . 4 5 I 1 3 0 . 6 1 4 4 . 4 ? 7 . 4 9 0 8 . 5 0 1 1 4 . 319 1 2 0 0 1 6 3 9 3 .  13 0 . 8 5 1 0 3 6 . 2 3 4 ?  .  1 9 7 . 4 9 0 7 . 0 0 8 5 .  82 0 I 2 0 0 1 6 4 9 6 . 0 1 P . ft 3 1 4 ?  6* 79 4 |  . 5 1 7 , 0 9 0 7 . 0 0 20C . 02 1 1 2 0 0 1 4 1 9 0 . 0 5 9 . 1 f t 1 0 0 4 . 0 2 4 1 . 0 0 7 . 4 9 0 8 .  3 0 1 2 0 . 02 2 1 2 0 0 1 4 2 9 1 . 8 ’ 1 0 . 3 1 1 1 7 6 . 3 0 4 4 . 4 ? 7 , 4 9 0 10 . 2 0 1 3 8 .ft2 3 1 20C 14 3 91 . 2 5 0 . 7 0 0 9 0 . 6 5 4 3 . 7 1 7 .  4 0 0 7 .  7 0 I 1 5 .  324 I 2 0 0 1 4 4 9 1 . 3 0 0 . 8 ? 9 7 4 . 9 2 4 ?  , 6 5 7 . 6 3 0 9 . 3 0 1 0 9 . 3? 5 1 2 6 5 1 8 1 6 9 ,  34 P . ? 0 9 5 8 . 3 9 3 6 . 0 1 7 .  1 10 7 . 2 0 1 1 3 . 32 6 I 2 8 5 1 8 2 71 . 2 4 7 . 9 0 9 7 3 . 4 5 4 3 . 6 3 7 . 1  10 7 . 2 0 7 8 . 62 7 1 2 6 5 1 8 3 7 4 . 0 0 7 . 4 5 0 0 0 . 0 6 4 1 . 1  9 ft « 94 0 7 . 9 0 84 .  3
2 8 1 2 8 5 1 8 4 7 7 .  IS P . 4  ? 9 7 5 . 1 4 4 0  . 7 3 ft « 9 4 0 8 . 4 0 05.  32 9 1 2 8 5 1 6 ! 6 0 .  45 7 .  0 2 0 ? 1 . 7 0 3 5 . 6 8 7 .  ? 90 7 . 7 0 6 9 . 730 1 2 6 5 1 6 p 6Q . 6 0 0 . 7 ? 9 2  2 . 6 2 4 ■» . 4  7 7 . 2 Q 0 7 .  0 0 1 1 5 .  33 1 1 2 8 5 16 3 7 0 .  50 0 . 4 7 0 8 1 . 6 2 4 0 . 7 7 7 . 2 9 0 6 . 7 © 6 8  . 032 1 2 6 5 1 6 4 6 7 . 1 3 7 .20 p a p . 4? 3 0 . 7 1 7 . 1 1 1 7 .  ▼C 1 0 5 . 03 3 t 2 8 5 1 4 1 5 2 .  74 4 . 9 0 5 5  3 . 4  4 3 9 . 7 5 7 . 2 0 0 8 . 1 0 8 1 . 034 1 2 0 5 1 4 2 6 8 . 2 7 0 . 9 0 1 1 0 7 . P8 3 9 . 6 ? 7 . f t  30 8 .  1 0 I ? l  . 03 5 1 2 8 5 1 4 3 7 0 . 1 0 P .1 0 9 3 7 . 0 5 4 0  . 7 5 7 . 4 9 0 0 . 5 0 9 5 .  33 6 1 2 e 5 1 4 4 6 0 .  00 8 . 5  1 1OC5 . O 0 3 0 . 1 7 7 . P 1 0 Q . 2 0 1 7 5 . 73 7 2 1 5 0 1 8 1 B 2 .  26 f  . 2 P 60 2 . 1 0 4 1 . 1 1 7 . 9 9 0 P .  4 0 1 0 8 .  0
3 3 2 150 t 0 2 9 1 . 0 3 4 . 6 0 50  ** • 65 4 1 . 9 4 7 . 0 9 0 8 . 3 0 9 5 . 33 9 2 ISO 1 8 3 77.  ^ 3 .Cft 31 2 . 2 5 4 0 . J 9 7 . 4 0 0 8 . 0 0 1 00. 340 2 150 1 6 4 9 0 .  05 7 .  ?  P I 0 0 9 . 5 3 3 9 . 0  Q 7 . f t ? o 7 . 4 0 02 . 04 1 2 1 50 1 6 1 7 0 .  0 7 7 . 7 2 10 3 4 . 2 5 41 . 3 7 0 .  1 60 7 . 6 0 7 7 . 64 ? 2 150 1 6 2 9 0 #  ° 3 0. 1 4 0 7 7 .  t o 4 1 . ? ? 0 . 1 6 0 9 . 3 0 1 0 7 . 04 3 2 ISO 16 3 0 5 .  90 ? . f t n 7!  2 . O'* 4 1 . 3 4 7 .  6 3 0 e .  t 0 1 0 0  . 04 4 2 150 1 6 4 P4 . 6 4 9 . 0 5 0 7 5 .  ? 7 4 0 . 7 4 7 , 0  10 7 . R 0 1 0 6  .  04 5 ? 1 50 1 4 1 7 0 . 5 1 P .  5 ? 1 ! ? f t .  3 7 41 . 0 3 7 , 8 1 0 0.20 9 ? .  74 ft 2 1 50 1 4 2 7 0 . 6 3 5 . 4 ? SI 1 . 8 6 4 1 . 4 7 8 .  I 6 0 8 .  10 14 R. 54 7 2 150 1 4 3 7 ’S, 39 0 . 6 ? P 5 o . I  3 4 0  *73 7 . P 1 0 8 . 4 0 1 1 9 . 54 S 2 ISO 1 4 4 7 9 . 3 0 4 .O'* 6 f  0 . 4 2 4 0 . 6 4 7 .  P 1 0 0 .  1 0 1 3 6 .  0
4 9 2 2 0  0 I 8 1 9 0 .  1 3 0 . 7 f t 7 0 7 . 1 ? 4 1 . 3 ? 7 . 9 0 0 7 . 8 0 1 1 4 . 050 2 2C0 1 3 2 9 3 . 0 9 0 . 1 f t 1 0 3 3 . 0 7 4 2 . 4 1 P .  1 60 0 .  1 0 1 0 R .  ft5 1 2 20 0 1 6 T 97,37 P . 7 5 9 "* 4 .  1 9 4 0 . 9 6 7 . 6 3 0 7 . 3 0 9 ? .  362 2 20 0 1 8 4 9 3 . 9 3 9 . 4 0 9 7 4 . 7 ? 4 ?  , ft I 0 .  1 60 6 . 5 0 * 7 . 053 2 2 C 0 1 6 1 74  .  *;5 7 . ft'' 0 0 9 . 5 9 4 ?  . 4 5 7 . 9 9 0 R.  0 0 07.  054 2 2 0 0 1 ft 2 9 5 .  4-> 0 . 4 4 1 0 3 6 . 6 0 4 3 . 6  7 7 . 6 3 0 6 . 6 0 8 3 . 355 2 2 0 0 1ft 3 91 >73 O . f t p 1 0 0 0 . 9 3 4 0 . 6 8 7 .  4 7 0 7 .  ?0 7 0 .  7
5 6 2 20 0 1 6 4 o/> . 9 4 7 .  8 9 9 5 9 . 1 9 4 5 . 1  6 . 8 . 1 6 0 9 , 4 0
J
1 5 ° .  3
TABLE ATI (continued) RAW DATA FOR MAIN EXPERIMENT
P
C
s1)
ft)
£ 4)
P •a H  ^ ft) ft)Sh <—l «! *—i •H p| u u3 ft) 0) 0) C W E 0) p PP > u t-t C O 3 p Pc
0
ft)
P
(d
u
ft)
rp p >> 0) :£?
0) \  
P  tlfl
Sh
O ft) cd
X
ft)
X
ft)
p
ft)
a ft) S’
0)
V
0 —  
u
M-
4) w
r~i O
O C
> p P
Rj rt £ 1h -p •(H 0 M P O 0) c c c> 0 ft) 3 u t. <M C flj W (4u P P ft) E w r-W ft) ft)ft) <—( W CL TJ X  TJ •H 0 R) V, p X cdtn a •r-i £ R) ro c P  L, P  «M 0 (3 'iD ft)£> 0 0 0) ft) 6) 0) c-H P O -H u ft) XO K < 2! fr* 32 Ot £3 3  W fr< TJ a* a. <
57
rr 
50 
( 0 
fit
2 ? o o 1 4 1 83. 14 7. 94 0 75 2 . 4 ? 4 1 . 8 3 7 . 6 3 0 8 . 2 0 85 .00
?
20 0 
70 0
1 4 
1 4
7
3
0 1 . 70
01 .50
0 . 100
9 . 5 1 0
1 3 2 7 . 0 4  
1 1 7 3 . 0 4
43. 72 
4 1.7?
*. 400 
7 , ? 90
7. 80 
6 . 5 0
04 .50 
6 7  , 9020 0 1 4 4 0 1.71 7. 310 7 3 8 , 4 5 41 .20 7 . 4 9 0 9 . 0 0 t 40 .0 07 Rfi I R 1 7 9 . 5 9 8 . 5 0 0 8 9 2  .35 3R .e 1 7. ? 90 6 . 3 p 6 9 . 7 06 ? ? 2 R 5 I 0 7 B5. 71 R. 11 0 9 ? 6 . 18 4 4 , 0 9 7 . 2 9 0 7.10 8 9 . 6 0ft 3
64
?
?
7 R5 
3 8 5
1 R 
I R
1
4
77. 12
75. 59
7 . 7 5 0
R. 3 8 0
8 O 2 . 0 R  
94 5 . 4 9
3 9 . 9 7
3 9 . 7 0
6 . 9 4 0  
6 .940
6. 90 
8 . RO
76. 60 
100 .00ft r PR c. 1 ft 1 6 fl • 6? 8 . 8 4 0 100 0 . 31 39. 1 0 7.6 30 *. 70 7 0.0 0ft ft
ft 7
ft R
2
2
7 75 
p R r  
? RR
1 6
1 ft 
1 ft
2
3
4
7 7 . 5 5
7 5 . 7 0
7 4 . 9 7
0 . 350 
8. 170 
9 . 0 5  0
9 8 8 . 7 9  
1023. 43 
R 9 P  .50
42 .*6 
3 9 . 5  9 
39 .SO
7 . 4 9 0
7 . 4 9 0  
6 .940
1 0 . 1 9
7 . 9 0
8 . 4 0
1 6 4 . 0 0
Q6 .70 
1 2 * • 00
70
2 ?R 5 1 4 1 5 0 . 4 ? 7. 80 0 1 0 6 7 . 2 7 36. 46 6 . 0 4 0 6 .60 ft 7 . 30? 7 R5 1 4 7 3 0  . 44 5 . 0 5 0 7 3 « . C 9 3 6 . 5 ? 7 , 4 9 0 7, 60 86. 707 1
7? 
7 7
? 7 R5
?ft ft
1 4 
1 A
3
4
74. 53 
6 7 . 7 7
8. 81 0 
?.o?o
U  ?4 . 12
9 4 1 .5ft
4 0 . 9 0  
39. ? 7
7 . 6 * 0  
7 . 2 7 9
6. 89 
9 . 3 0
81 .99 
1 7 7 , 7 03 15 0 1 0 1 ni • I 7 6 . 5 7 0 7 9 4 .77 43 .30 7 . 9 9 0 9 . 7 0 1 2 6 . 0 07ft 3 1 50 1 0 2 R O . R ? 3. 430 3 7 Q . 6 0 4 1 .1* 7.7 *0 7 .cf) I 0 7 . r o**5 3 150 1 0 3 Ol .72 ?. 280 364 ,23 4 0 . 7 ? 7.8 10 7 . 5 0 80. 707f
77
3
3
1 50 
150
1 R
1 ft
4
!
R 4 . 45 
83.0ft
3. 8 4 0  
8 . 9 4 0
53 4. 9 R  
9? 1 . PR
4 1 . 5 3  
4 C .?0
7 . 6 3 0
7 . 4 0 0
5 . 0 0  
P. 90
43 .70
1 0 1 . 0 07 R 7 1 5 0 1 6 2 8 7 . 4 7 5. 1 30 5 ? 9 # | 9 4 1 . 3 9 7.0 10 6 . 4 6 O 1 . 507 O 7 I 50 1 ft 3 0 0 . 1 5 5 • 6° 0 57 | .43 41 .40 7. 000 1 0 . 4 0 1 4 5 . 9 0RO 150 1 ft 4 80. Rl 7. 700 1 0 0 4 . 4 0 4 0 . 5 7 7 .400 R , *9 18 ? • 5 0R 1 7 1 50 1 4 1 77. 70 7. IRO 8 9 3 . 7 3 4 0 . 4 6 7 . 8  10 9 . 5 9 122 .00ft? 7 150 I A 2 R4 .00 9 , 7 7 0 P R ?  .f 6 40 .44 7 . 9 9 0 R . *0 14 0 . 5 0R3 7 1 50 \ 4 3 5 1 . 40 5. 64 0 6f 7 . 0 5 4 0 . ? 6 7 . 0 1 0 7 .Of 1 0 5 . 0 0  
126. 15
84 3 150 1 A 4 7 4 . 0 0 4 . 6R0 6 0 0  .15 4 0 . 2 3 7 . 9 0 0 R. 0 5R5 7 70 0 1 H 1 0 0 . 0 ? 9, 0 8 0 t 1 5 5 , 4 0 4? .65 7 . 9 5 0 9 . 3 9 9 ?  ,70Rft 70 0 1 R 7 9 5 .  14 8 . 4 6 0 86 5 . J? 4 4 . 5 ? 7. 0 00 7. RO | 00.R 7 70 0 1 0 0 0 . 4 0 8. 7 8 0 98 1.94 41 .04 7 . 6 3 0 8 . 69 1 3 4 . 0 0
1 2 7 . 0 0  
59. 5 0
P R 7 70 0 1 0 4 0 3 . 0 4 P. 850 1 1 I 6 . R ft 41 . 4 6 7. 200 8.2 0R O 3 700 1 ft 1 R 2 . 0 R 9 . 3 1 0 1 2 0 9  .4 7 4 ?  .PO 7. 490 7 . 5 090 7 200 1 ft 2 0 7 . 0 7 8. 820 1 0 1 4 . 5 5 42 . 87 7 . 1 1 0 R . *0 1 1 3 . 70*71 3 70 0 1 6 7 0 2. 55 8 . 9 8 0 05 1 . 2 9 4 0 , 7 9 7 . 4 9 0 8 . 2 0 1 ? 9 # 70O?
0 3
7 P O O 1 6 4 04. 7* 7. 05 0 71 3 , 9 7 4 0 . 8 0 7 . 4 9 0 R . I 9 1 1 0 . 9 97 70 0 1 4 1 60 . 7 0 8. 150 1 0 05. 34 3 0 . f 4 7. ?Of» 1 0 . 7 0 13 3 . 7 00*1
OR
7 70 0 1 4 2 O0. 74 9 . 0 2 0 PR 3 • 15 42 .30 6 .940 7.40 75 . 737 70 0 1 4 3 8 3 . 9R 7 . 6 7 0 8 6 7 , 3 5 3 9. Q O 6 . 9 4 0 7. *0 00 . 70r>ft 70 0 1 4 4 5 5 . 6 0 8 . 3 7 0 9 9 2  .80 40 .85 7 . 6  30 5 . 6 0 5 1 • OO07 7 75 5 1 fl 1 6 0 .  44 P. 64 ? I ? ? 9 , 24 3 6 . 0 4 6 . 0 4 3 8 . 1 0 9 1 . 0 0OR 3 ? R 5 1 * 2 7 7 . 0 8 8 . 7 3 0 7 8 7  . 79 4 3 . 7 0 7 . 1 1 0 7,4 0 1 1 ? . ? 0OO 7 7 P 5 1 0 3 70, 44 7. 7 Q 0 8 1 9 . OB 4 ? . ? o 7 . 1 1 0 6 . 7 0 71 .30
1 0 2 . OO
<3p ,
t OO
10 1
7
3
7R 5 
7 05
I R 
1 ft
4
1
00 .34 
65. 3ft
7 . 8 1 0
7 . 9 1 0
0 6 0 . ?0 
17 7 3 . 4 7
? 0 . 5 R 
3 R . 7 7
6. 040
7 , *00
7. 5 0  
o.?9
X O P 7 nr 1 ft 2 7.7. 1 4 1 10 1 0 7 0 . 8 8 4 1 .54 7. 290 7 . 7 0 1 01 ,30 
76 . 00 
1 0 1 . 3 0
J 0 .1 3 7 05 1 ft 3 7 5 . 5 3 8 . 3 4 0 1 0 3 7 . 1 4 3 9 . ? 7 7. ? O 0 7. 6 0I 04 7 7 0 5 1 ft 4 60. 7ft 7, ftO 0 1 0 2 R. 39 3 8 . 7 9 6 .940 7 . 4 8105
t Oft 
1 07 
I OR
7 ? R 5 1 4 1 6 7 . 4 0 8. 450 1 1 5 4 . 0 0 4 0 . 4 0 7 . 2 9 0 7. RO 1 0 5 . 0 03
3
7 R 5 
2 R 5
1 4
1 4
2
3
5 7. 64 
5 7 . 5 7
9. 4 7 0  
7 . 5 7 0
1 0 9 6 . 6 7  
1 0 4 7 . 9 2
4 0 . 1 0
3 8 . 2 5
7 . 2 9 0  
7. 6 30
7 , 0 9  
R. 4 0
1 0 * ,9Q
13 4 . 9 07 2 05 1 4 4 75. 19 8 . 0 0 0 1 1 6 ? . 9 0 38. ft? 7 . 2 9 0 8 . 7 0 1 2 0 . 7 0
-P"CT\
APPENDIX B
This appendix contains the sample calculation for the grain
quality index
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Appendix B
Sample calculation for grain quality index
The weighted averages shown in Table 11 were computed 
using the following method:
Weighted average = ( 2(head rice yield)-l.5(color 
value)+l(protein value)-1(texture area))r 5.5
On the above basis, the highest weighted average was 
obtained for treatment No:14 (+6.832), and the lowest was 
obtained for treatment No:36 (-9.823). Standardizing these 
values as 100% and 0% respectively, a scale for reference 
could be seen as:
0% 100%
_L
I— ( 9.823-0.915) 
-9.823 0.0 +6.832
16.655
-0.915 j
Computing as an example, the weighted average for treatment 
No:21,
weighted average = (2x80.83 - 1.5x40.84 + 1x7.47 
-1x112.90) + 5.5
= -0.915
% overall index = (9.823-0.915) x 100
16.655
= 5 3 . 4 9 %
APPENDIX C
This Appendix contains the economic and energy aspects
relating to this study
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APPENDIX C
A. Economic aspects of treatment combinations
Based on the following assumptions typical selling 
prices were computed for all the treatment combinations in 
the study.
Assumptions:
1. Market price of parboiled rice = $ 114.00/100 kg
2. Parboiled rice in the market consisted of 
100% whole kernels.
3. Price of broken rice was half the price of 
whole kernel rice.
A typical computation for a treatment combination resulting 
in 70% head rice yield is shown below:
market price = $(70x114 + (100-70)x|x lit)
100 100
= $ 9 6 . 9 0 / 100 kg
Based on this method the 'selling' prices were computed and 
are shown in Table CT1. The average prices in each moisture 
level group do not reflect any increased cost of drying for 
the 14% moisture level group, for example, in comparison to 
the 18% moisture level group. The overall trend of the
151
treatment combinations indicates the highest price being 
fetched by the 93.3°C temperature group. The increase in the 
selling price due to TM2 over TM1 is also illustrated in 
Table CT1.
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B. Energy comparison for drying of parboiled rice
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The energy requirements for drying of parboiled rice 
under the conditions of this study at the three drying air 
temperatures of 65.6°C, 93.3°C, and 140°C respectively were 
computed. Comparison of costs were made for these conditions 
with previous data obtained at commercial parboiled rice 
drying plants.
The initial conditions for the study were:
1. Ambient air temperature = 23.8°C
2. Ambient relative humidity = 60%
From psychrometric charts the enthalpy and specific volume 
at the above conditions were obtained as 52 kJ/kg dry air,
3
and 0.86 m /kg dry air respectively. After the process of
sensible heating, the enthalpy corresponding to the three
air temperatures were:
65.6°C - 93 kJ/kg dry air
93.3°C - 127 kJ/kg dry air
140.0°C - 183 kJ/kg dry air
3
Assuming the air flow rate of 4.955 m /min. used in the 
study, the mass flow rate of air would be:
= (^*955 m'Vmin.)/(0 .86 m^/kg dry air)
= 5-762 kg dry air /min.
Hence the total amount of heat energy required to heat the 
air from ambient conditions to 65.6°C would be:
15^
= (5.762)x(93-52) kg dry air x kJ
min. x kg dry air
= 236.24 kJ/min.
Similarly the heat requirements to heat the air from ambient 
conditions to 93.3°C and 140°C are 432.15 kJ/min., and 
754.82 kJ/min. respectively.
For the 65.6°C air, the amount of moisture removed from 
the grain, assuming exit conditions of 90% relative 
humidity, and obtaining the properties of the air from
psychrometric charts would be:
=(5.762 kg dry air/min)(0.0258-0.01l)kg x 60 min.
kg dry air x hr
=5.12 kg/hr.
Similarly, for the 9 3.3°C and 140°C conditions the amount of 
moisture removed was calculated as 8.47 kg/hr and 14.17 
kg/hr respectively.
From the heating requirements for the air at the three 
temperatures of 65.6°C, 93.3°C, and 140°C respectively, the 
heating requirement per unit quantity of water removed was 
computed as follows:
Drying air temperature = 65.6°C
Heat required to raise the
temperature from ambient conditions
to 65.6°C at stated air flow = 236 .2b kJ/min.
Heat requirement per unit
quantity of water removed = {236 .2k kJ x 60 min)/(5.12 kg)
min hr hr
= 2768.k kJ/kg
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Similarly, at 93.3°C,
heat requirement per unit quantity 
of water removed = 3061 kJ/kg
and at 140°C,
heat requirement per unit quantity
of water removed = 3196 kJ/kg
Bakker-Arkema, Fontana, and Kalchik (4) have presented 
the following data obtained from commercial parboiling 
plants:
1. Dryer type = rotary, 3 pass.
2. Throughput capacity = 21,000 lb dry matter
3. Inlet moisture content (w.b.) = 34.6%
4. Outlet moisture content (w.b.)= 14.1%
5. Water evaporated = 7762 lb/hr.
3
6. Fuel consumed (natural gas) = 18,503 ft /hr.
7. Fuel efficiency = 2384 Btu/lb.
8. Air flow rate (approximate) = 100 cfm.
9. Ambient conditions = 60°F, 75% rh.
10.Air temperatures (approximate)= 500,400, and 300°F
respectively, in 
1st, 2nd, and 3rd 
dryer respectively. 
Assuming the same inlet and outlet moisture content of 
parboiled rice as the data presented above, the quantity of 
water removed per 1000 kg of rice (dry matter) is 364.9 kg.
Converting the fuel efficiency value of 2384 Btu/lb to kJ/kg 
(5533 kJ/kg), and computing the energy requirement for 
drying parboiled rice from 34.6% to 14.1% (w.b.), the energy 
requirement from the commercial parboiling plant would be:
= ( 2 3 8 4 B t u  X  1055.056 k J _ ) x ( 3 6 4 . 9  kg)  = 2019195 k J  
l b  x kg x 1000 B tu  
2 .2  l b
3
Assuming a heat of combustion of 1000 Btu/ft of natural gas
3
and a cost of $ 6.00 per 1000 ft , the above value of 
2019195 kJ would convert to a cost of $ 11.48 per 1000 kg of 
dry matter.
On the same basis the cost of drying parboiled rice 
from 34.6% to 14.1% (w.b.) for the present study at the 
three drying air temperatures are:
at 65.6°C - cost = $ 6.63
at 93.3°C - cost = $ 6.35 (4.2% saving based
on $ 6.63)
at 140.0°C - cost = $ 5.74 (13.4% saving based
on $ 6.63)
Comparison of the cost at the 9 3.3°C drying air temperature 
treatment which gave the best results in the present study 
with the data from the industrial scale experiments shows a 
saving of $(11.48-6.35), or $ 5.13, which is a 44.7% 
reduction in cost.
It is important to note that the fuel efficiencies for 
the present study were better than those for the commercial 
plants, but the drying rates would of course be lower for 
the present study.
APPENDIX D
This Appendix contains the tables related to 
the grain quality index
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